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ABS TRAC T 

The f i r s t  y e a r ' s  progress on t h i s  program i s  r e p o r t e d .  

Two cryogenic  f a t i g u e - t e s t i n g  systems were c o n s t r u c t e d :  one 
C r y o s t a t s  were f o r  o p e r a t i o n  a t  -320°F, one f o r  -423°F t e s t i n g .  

AnC;" - -A  t r r  ..nrm;t & . . 1 l T .  .-_..,..-",. "+.-,.".-;-n -4= ,.l..-,.t ......4---:-1 

under a x i a l  load condi t ions.  A c r y o s t a t  d e s i g n  i n c o r p o r a t i n g  a 
vacuum- i n s u l a  t ed , doub le-wa 1 l e d ,  s ta i n l e s  s s tee 1 conta  i n e r  w i t h  
a t u b u l a r  loading  stem passing through i t s  c e n t r a l  a x i s  w a s  used. 
The c r y o s t a t  mounts on t h e  r e c i p r o c a t i n g  p l a t e n  of  t h e  t es t  ma- 
chine  and moves w i t h  i t  while t h e  l i d  and a s s o c i a t e d  l i n e s  and 
i n s t r u m e n t a t i o n  remain fixed. The equipment techniques  developed 
have demonstrated t h a t  by c a r e f u l  a l ignment ,  f a t i g u e  tes ts  o f  
ax ia l - loaded ,  f l a t  s h e e t  m a t e r i a l s  can be  e f f e c t i v e l y  accomplished 
u s i n g  f u l l y  r e v e r s e d  s t r e s s e s .  The a p p a r a t u s  has  performed sa t i s -  
f a c t o r i l y  f o r  a lmost  1 y r  d e s p i t e  t h e  severe environmental  con- 
d i t  ions.  

U L Y L 6 L s L U  c v  ,,LL,LIIL l U I L r  LCVF-LaLd a L L C a a I L L 6  W L  Y ~ ~ C C L  ~ I ~ L C L L ~ L S  

Various aluminum and titanium s h e e t  a l l o y s  (0.100-in. nominal 
t h i c k n e s s ) ,  a s  l i s t e d  below, w e r e  eva lua ted  i n  t h e  p a r e n t  meta l  
and, where a p p l i c a b l e ,  welded condi t ions .  

Aluminum Titanium 

2014-T6 Ti-5A1-2.5Sn 
22 19-T8 7 
545 6 - H343 

T i  - 6A 1 - 4 V  
T i - 1 3V- 1 1 C r  - 3A 1 

2020-T6 
7075-T6 

P r o p e r t i e s  were determined a t  70, -320, -423°F f o r  f a t i g u e  
3 7 l i f e  i n  t h e  10 t o  10 cycle  range.  Titanium a l l o y  5A1-2.5Sn 

showed o u t s t a n d i n g  behavior on t h e  b a s i s  of  f a t i g u e  s t r e n g t h /  
t e n s i l e  s t r e n g t h  r a t i o  values.  The Ti-6A1-4V a l l o y  h e a t - t r e a t e d  
t o  165,000 p s i  showed f a t i g u e  s t r e n g t h  s imilar  t o  Ti-5A1-2.5Sn, 
b u t  w a s  poorer  on t h e  dynamic /s ta t ic  s t r e n g t h  r a t i o  b a s i s .  
Ti-5A1-2.5Sn a l s o  exhib i ted  o u t s t a n d i n g  p r o p e r t i e s .  

Welded 

I n  t h e  aluminum family,  5456-H343 fa red  v e r y  w e l l .  Al loys  
2014-T6 and 2219-T87 a l s o  showed good f a t i g u e  p r o p e r t i e s .  The 
2020-T6 and 7075-T6 compositions e x h i b i t e d  t h e  lowest  p r o p e r t i e s  
of  a l l  t h e  materials evaluated. Welded 5456, 2014, and 2219 a l l  
d i s p l a y e d  good f a t i g u e  r e s i s t a n c e .  

The t i t a n i u m  a l l o y s  exhib i ted  a much g r e a t e r  r a t i o  of f a t i g u e /  
u l t i m a t e  s t r e n g t h  than t h e  aluminum a l l o y s .  
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I. INTRODUCTION 

Because of  t h e  behavior  of s t r u c t u r a l  m a t e r i a l s  a t  low t e m -  
p e r a t u r e s ,  s e l e c t i o n  of t h e  proper  m a t e r i a l s  f o r  b o o s t e r  and space  
v e h i c l e  systems t h a t  use  cryogenic p r o p e l l a n t s  i s  a cha l lenge .  
Rout ine mechanical p r o p e r t i e s ,  such a s  t e n s i l e  and compressive 
s t r e n g t h ,  modulus of e l a s t i c i t y ,  and d u c t i l i t y ,  are u s u a l l y  d e t e r -  
mined t o  assess t h e  behavior of  a candida te  m a t e r i a l .  Behavior 
under stress c o n c e n t r a t i o n  and c y c l i c  loading c o n d i t i o n s  must a l s o  
be s t u d i e d  t o  e v a l u a t e  adequately a p o t e n t i a l  m a t e r i a l .  

Cryogenic l i t e r a t u r e  r e v e a l s  some d a t a  on t h e  r o u t i n e  prop- 
e r t i e s ,  but  t h e r e  i s  a s i g n i f i c a n t  l a c k  of r e l i a b l e  informat ion  on 
f a t i g u e  o r  c y c l i c  loading.  Cryogenic d a t a  on welded m a t e r i a l  are 
v i r t u a l l y  n o n e x i s t e n t .  To f i l l  t h i s  obvious requirement  f o r  sound 
engineer ing  d a t a ,  t h e  experimental  program presented  i n  t h i s  re- 
p o r t  w a s  prepared.  

F a t i g u e  tes t s  can b e s t  be  descr ibed  by t h e  method used t o  
apply  loads.  
and a c o n s t a n t - s t r a i n  amplitude a r e  used.  With t h e  f i r s t  method, 
d i r e c t  a x i a l  loading i s  employed, and w i t h  t h e  second, bending 
techniques ,  e i t h e r  plane o r  r o t a t i o n a l .  For a x i a l  t e s t i n g ,  t h e  
e n t i r e  c r o s s  s e c t i o n  i s  uniformly loaded. S t r e s s  i s  determined 
by load/area .  I n  bending, t h e  stress v a r i e s  throughout  t h e  c r o s s  
s e c t i o n  of t h e  t e s t  specimen, from a maximum a t  t h e  o u t e r  f i b e r  
through z e r o  a t  t h e  n e u t r a l  a x i s ,  t o  a maximum n e g a t i v e  v a l u e  a t  
t h e  o p p o s i t e  o u t e r  s u r f a c e .  With t h i s  technique ,  stress must be  
obta ined  by c a l c u l a t i n g  from t h e  moment formula S = (Mc)/I. 

Repeated loading t o  both  a c o n s t a n t - s t r e s s  ampli tude 

Although t h e s e  bending t e s t s  have been t h e  most popular  f a t i g u e  
techniques  i n  t h e  pas t ,  they are  be ing  rep laced  by t h e  a x i a l - l o a d i n g  
method because t h e r e  a r e  c e r t a i n  disadvantages i n  u s i n g  bending 
f a t i g u e  . 

A s  shown by t h e  formula, bending stress i s  c a l c u l a t e d  us ing  
t h e  bending moment and s e c t i o n  modulus. The bending moment M i s  
a f u n c t i o n  of t h e  modulus of e l a s t i c i t y  of t h e  t e s t  m a t e r i a l .  
Accuracy of t h e  stress c a l c u l a t i o n  i s  t h e r e f o r e  d i r e c t l y  propor- 
t i o n a l  t o  t h e  accuracy of  t he  modulus value.  Although moduli of  
common engineer ing  m a t e r i a l s  a t  room temperature  a r e  known, t h e r e  
i s  l i t t l e  information i n  t h e  l i t e r a t u r e  on va lues  a t  cryogenic  
temperatures .  

The endurance l i m i t  obtained by bending techniques  may be a s  
g r e a t  a s  30% higher  t h a n  values  obta ined  by a x i a l  loading.  Although 
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we do not fully understand the reasons for this, certain state- 
of-stress theories have been proposed. One explanation is the 
possible development of favorable transverse stresses in the 
elongated or compressed surface layers and an outer-layer resist- 
ance to deformation caused by the underlying material during bend- 
ing load tests. 

Another shortcoming of the bending technique is that when 
plastic yielding occurs, stresses in the member cannot be readily 
calculated. Even in tests performed in the elastic range, minute 
localized plastic deformation may change the outer fiber stress. 

There is a greater chance of failure from minor surface defects 
in bending than in axial loading. These defects may also create 
larger scatter with a limited number of specimens. 

In calculating stress, the simple moment formula can be used 
only on specimens free from holes, grooves, and outline or surface 
discontinuities, such as weld beads. Therefore, to evaluate the 
bending fatigue of welded specimens, it would be more desirable 
to machine the weld bead flush. However, this would detract from 
the validity of the joint information because it eliminates stress 
concentrations. 

The proposed material applications in cryogenic booster and 
space vehicles under conditions of cyclic loading suggest that 
alternating tensionlcompression stresses may more closely simulate 
the service history of the structure. 

Because of the superiority of the axial-loading technique and 
its ability to simulate anticipated structural loads, this method 
has been selected for this program. The axial-loading machines 
used employ a rotating mass to apply a controlled dynamic load 
sinusoidally about a static-load level. 

Tension/compression tests of sheet materials under axial loading 
are not often performed, for these tests are normally restricted 
to bar materials. Fortunately, the sheet gage selected by NASA 
presented the opportunity to attempt complete reversal of stresses 
without having to resort to the bending technique. The success of 
such an approach depends on the flatness of the sheet products 
available, The aluminum alloys used for this research were suffi- 
ciently flat to permit fully reversed stressing. Unfortunately, 
the heat-treated titanium sheet materials were rather warped and 
could not be tested safely under compressive loads. Tension/ 
tension loads were therefore used for both the annealed and heat- 
treated titanium alloys. 
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Testing at liquid hydrogen temperature was conducted at the 
Denver laboratories. All equipment was designed and constructed 
at this location. Evaluation of fatigue properties at 70 and 
-320°F was conducted at the Baltimore laboratories. 
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11. MATERIALS 

The ma te r i a l s  s e l e c t e d  f o r  e v a l u a t i o n  i n  t h i s  program inc lude  
those  tha t  a r e  be ing  considered f o r  s t r u c t u r a l  s e r v i c e  a t  c ryogenic  
temperatures .  Seve ra l  of t h e  m a t e r i a l s  s e l e c t e d  by NASA were 
mutua l ly  recognized as e x h i b i t i n g  poor behavior  a t  t h e s e  t e m p e r -  
a t u r e s .  However, t hey  were r e t a i n e d  t o  show t h e  comparison 
between var ious  compositions.  

Ma te r i a l  cond i t ion  was s e l e c t e d  t o  g i v e  t h e  h ighes t  s t r e n g t h  
l e v e l  f o r  each a l l o y .  Weldable a l l o y s  were eva lua ted  i n  both  
t h e  parent  metal and as-welded cond i t ions .  

Parent-metal  specimens of t h e  e i g h t  a l l o y s  l i s t e d  i n  Table I 
were eva lua ted .  

Table I L i s t  of Material& Se lec t ed  f o r  Experimental  Program 

Alloy Base 

A 1 urn i num 
Aluminum 

Aluminum 

A 1 um in um 

A 1 urn inum 

T it anium 

T L t an ium 

Titanium 

Desienation 

2014 

2219 

2020 

5456 

7075 

Ti-5A1-2.5Sn 

Ti- 6A1- 4V 

Ti- 13V- 11Cr - 3A1 

Temper 

- T6 
-T87 

- T6 

-H343 

- T6 
Annealed 

Solution-Treated 
and Aged (1660F/ 
5 min, WQ; 1000F/ 
4 hr, AC) 
Solution-Treated 
and Aged (1450Fl 
20 min, AC; 900F/ 
24 hr AC) 

Thickness 
Nominal, in. 

0.100 

0.100 

0.090 
0.100 
0.100 
0.100 

0.100 

0.100 

Vendor 
~~ 

Reynolds 

Alcoa 

Unknown” 

Alcoa 

Re yno 1 ds 

Titanium Metals 
Corporation 

Titanium Metals 
Corporation 

Titanium Metals 

Heat No. 

- 
- 
- 
- 
- 

D-3272 

D-2488 

D-1639 

“Material supplied by National Aeronautics and Space Administration. 
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Four of the five aluminum alloys were readily available. The 
fifth composition, 2020-T6, was commercially available only if a 
mill run (2000 lb) would be purchased. Fortunately, sufficient 
sheet material was available from NASA to perform the required 
testing . 

The alpha (Ti-5A1-2.5Sn) and alpha-beta (Ti-6A1-4V) alloys 
were purchased as extra-low interstitial grade to assure maximum 
toughness at cryogenic temperatures. No attempt was made to procure 
low interstitial beta (Ti-13V-llCr-3Al) alloy because of its well- 
known brittle behavior, independent of impurities, below -100°F. 

Much difficulty was experienced in the procurement of solution- 
treated and aged Ti-13V-llCr-3Al alloy. The first sheet received 
was rejected by Martin Company because of its very poor flatness. 
A second sheet, heat-treated to Martin's requirement, was rejected 
by the vendor for poor flatness control. A third sheet, however, 
was accepted by Martin even though flatness was still poor. The 
solution-treated and aged Ti-6A1-4V sheet was also poor, but was 
within specification limits. Only the alpha titanium and aluminum 
alloys exhibited good flatness characteristics. 

Procurement of welding wire for the titanium alloys was very 
difficult. The only company prepared to offer low interstitial 
Ti-5A1-2.5Sn and Ti-6A1-4V and normal interstitial Ti-13V-llCr- 
3A1 wire was the R & D Metals Corporation of Kidron, Ohio, and it 
experienced great difficulty in fabricating the wire. Martin 
Company's order for the wire was placed in May 1962, and delivery 
was promised for July 1962. However, only the Ti-6A1-4V arrived 
on schedule, for trouble was experienced in drawing the remaining 
two alloys below 0.060-in. diameter. Finally, in November these 
items were shipped. Unfortunately, the Ti-13V-llCr-3Al was claimed 
to have been lost in transit. To prevent further delays, a search 
was conducted at the Martin Company for Ti-13V-llCr-3Al wire in a 
similar size for the required welding. A sufficient amount was 
located at the Baltimore Division. 

Aluminum and titanium alloys were welded with the tungsten 
inert gas (TIG)  process and automatic welding heads. Tables I1 
and I11 list details of the procedure used for each material. 

All weld panels were radiographically inspected. The aluminum 
panels were found to exceed the Class I1 requirements of MSFC 
drawing No. 10509310. Weld quality approximated the requirements 
displayed in the NASA specifications for Class I welds. Similarly, 
the titanium alloys were of high quality. 
noted in several areas of the Ti-13V-llCr-3Al. 

Very minor porosity was 
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P a r t i c u l a r  emphasis was placed on procurement of l o w - i n t e r s t i t i a l  
t i t a n i u m  s h e e t  and welding w i r e  and on prevent ion  of contaminat ion 
d u r i n g  welding t o  main ta in  low i n t e r s t i t i a 1 . c o n t e n t .  
a n a l y s e s  repor ted  i n  t h e  c e r t i f i c a t i o n  of  t e s t  provided by t h e  ven- 
dors  f o r  t h e  s h e e t  and wire  were confirmed by vacuum f u s i o n  a n a l -  
yses  f o r  oxygen, n i t r o g e n ,  and hydrogen performed by Ti tanium 
Meta ls  Corporation of America on t h e  s h e e t  meta l ,  welding w i r e ,  
and w e l d  beads. These r e s u l t s ,  l i s t e d  i n  Table  I V ,  show e x c e l l e n t  
agreement between t h e  c e r t i f i c a t i o n  ana lyses  and t h e  check a n a l y s e s .  
The low l e v e l s  of oxygen and n i t r o g e n  i n  t h e  weld beads a r e  proof 
of s a t i s f a c t o r y  i n e r t  gas  p r o t e c t i o n  dur ing  t h e  welding process .  

I n t e r s t i t i a l  

Table I1 D e t a i l s  of Welding Procedure f o r  Aluminum Alloys 

A 1  l oy  

2014-T6 

2 2  19 -T8 7 

5 h 5 C. -H 3 43 

F i l l e r  
Wire 

2319 

2319 

5556 

Wire 
I iameter ,  i n .  

3/32 

3 132 

3/32 

Volt  age,  
V 

11 

11 

11 

Current ,  
amp 

16 0 

170 

170 

TIG-welded wi th  Airco D head; argon p r o t e c t i v e  g a s ;  AC. 

Speed, 
i n .  /min 

11 

12 

11 

Table I11 D e t a i l s  of Welding Procedure f o r  Titanium Alloys 

A l l o y  

Ti-5A1-2.5Sn 

T i  -6 A 1  -4V 

T i  - 1 3 V  - 1 1 C r  - 3 A 1  

Wire 
Diameter,  i n .  

0.030 

0.030 

0.045 

Vo I t  age , 
V 

10 .5  

11 

11 

h r r e n t ,  
amp 

2 15 

2 15 

215 

Speed , 
i n .  / m i n  

13 

13 

13  

TIG-welded wi th  Airco D head and 300A. P & H power supply;  DC, 
s t r a i g h t  p o l a r i t y ;  helium-argon backup and t r a i l i n g  g a s  p r o t e c -  
t i o n ;  parent-metal  f i l l e r  w i r e .  
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111. SPECIMENS 

Tensile specimens were machined to the specifications shown 
in Fig. 1. These specimens were designed specifically for use 
with the multiple-linkage systems described by Keys (Ref. 1). 

r-7, 15/16 +- 1/16  Stock Size 

I+-------------7.75 2 0.030-41 

1 

1 1  

-1 2 0 . 0 3 0 1  

I 

T 

n- u/ 
Dia 
ces 

Thru $ of Holes b-5i 2.75 +- 0.030 0.030-j 

F i g .  1 Specifications for Tensile Specimen 

Fatigue specimens were machined according to the sketch in 
Fig. 2. Aluminum specimens were machined to the 0.375-in. gage 
width A dimension; titanium material, to a gage width of 0.200-in. 
In contrast to the usual fatigue specimen shapes, the specimen 
design incorporates a straight-column test-gage section. A 
constant-width test section was selected to permit proper eval- 
uation of weld bead and heat-affected zone in a short column length. 



1. 

9 

i 

5.19 +_ 0.060 Stock Size 

Weld Must be 
Centered Within 0.030 

k 2 . 7 5 0  +_ 0 . 0 0 5 4  4 
b 0 . 5 0 0  i o .  010 

I 1 e: When 1 1 ~ ' 1  = 0.200, "B" = 1.250. 
m e n  "A" = 0.375, I'B" = 1 . 1 2 5 .  

Fig .  2 S p e c i f i c a t i o n s  f o r  F a t i g u e  Specimen 
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Column a n a l y s i s  r evea led  t h a t  t h e  specimen e x h i b i t e d  a high 
margin o f  s a f e t y  from column buckl ing  i f  p r o p e r l y  a l i g n e d .  An 
a d d i t i o n a l  a n a l y s i s  was performed t o  show t h e  r e l a t i o n s h i p  be- 
tween the degree  of misalignment and a p p l i e d  a x i a l  loads  f o r  
va r ious  a l l o y s .  F igu re  3 shows t h i s  r e l a t i o n s h i p  f o r  a t y p i c a l  
aluminum a l l o y  composition (5456-H343) a t  -423'F. A s  shown i n  
t h e  diagram, t o  p e r m i t  a x i a l  loads  i n  t h e  1500 t o  2000-lb range ,  
alignment must be maintained a t  b e t t e r  than  0,001 i n .  

E c c e n t r i c i t y ,  E ,  in. x 

F i g .  3 E f f e c t  of Misalignment on t h e  Applied Axia l  Load of 
5456-H343 Aluminum Alloy a t  -423°F 
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IV. TEST APPARATUS AND FACILITIES 

The f a t i g u e - t e s t  apparatus  (Fig.  4) was designed f o r  use  w i t h  
Sonntag SF 10 U f a t i g u e - t e s t i n g  machines. These machines have a 
r e c i p r o c a t i n g  p l a t e n  located i n  t h e  c e n t e r  of t h e  test bed. Load 
i s  a p p l i e d  between this p l a t e n  and t h e  head frame anchored t o  t h e  
t e s t  bed. Such machines have a c a p a c i t y  of 5000 l b  dynamic load 
and +5000 - l b  s t a t i c  load. Therefore  t h e  t e s t  appara tus  w a s  de- 
s igned  t o  match t h i s  capaci ty .  

The p r i n c i p a l  requirements f o r  t h i s  system were: 

1) A b i l i t y  t o  opera te  a t  -320 and -423°F; 

2) Good thermal e f f i c i e n c y ;  

3)  Ease of specimen change; 

4 )  P r e c i s e  alignment;  

5) Automation of tempera ture-cont ro l  system. 
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Fig. 4 SF 1OU Fatigue-Testing Machine 



13 

A. CRYOSTAT 

Based on t h e  descr ibed  requirements ,  a t e s t  c r y o s t a t  w a s  de- 
s igned  (see Appendix A f o r  d e t a i l e d  drawings of  t h e  components). 
F i g u r e  5 shows a cutaway view of  t h e  l i q u i d  hydrogen c r y o s t a t  . 

assembly mounted i n  t h e  t e s t  machine. The d e s i g n  i n c o r p o r a t e s  
a vacuum-insulated,  double-walled,  s t a i n l e s s  s t ee l  c o n t a i n e r  w i t h  
a t u b u l a r  loading s t e m  t h a t  passes through i t s  c e n t r a l  a x i s .  
Another t u b u l a r  loading stem passes through t h e  c r y o s t a t  l i d .  The 
tes t  specimen i s  gr ipped  between t h e s e  two stems. The c r y o s t a t  
mounts on t h e  r e c i p r o c a t i n g  p l a t e n  of  t h e  t e s t  machine and moves 
w i t h  t h e  p l a t e n  whi le  t h e  l i d ,  w i t h  t h e  l i q u i d  supply l i n e ,  vent  
l i n e ,  and i n s t r u m e n t a t i o n  support  a t t a c h e d ,  remains f i x e d  t o  t h e  
machine head frame. By using t h i s  system, t h e  t es t  c r y o s t a t  would 
have t o  wi ths tand  long-term f o r c e s  of  approximately 2 g ,  and a f t e r  
f r a c t u r e  of t h e  t e s t  specimen, f o r c e s  exceeding 36-g a c c e l e r a t i o n  
as w e l l  a s  i m p a c t  from t h e  broken ends o f  t h e  specimen hammering 
t o g e t h e r .  

The t u b u l a r  loading stems were machined t o  a diameter  of 
approximately 2 i n .  and a wall  t h i c k n e s s  of 0.070 i n .  The ends 
w e r e  threaded t o  r e c e i v e  t h e  specimen g r i p s  and anchor i n t o  base 
b locks .  Richards- type vacuum valves  were r e c e s s e d  i n t o  t h e  stem 
bases  t o  avoid a c c i d e n t a l  damage and f r e e z e o u t  dur ing  t e s t .  The 
double-walled body w a s  made by welding c y l i n d r i c a l  s e c t i o n s  t o  
spun dome pieces t h a t  i n  t u r n  were welded t o  s m a l l  f l a n g e s  on 
t h e  stems. An unusual  f e a t u r e  of t h e  c r y o s t a t s  was t h e  use  of 
ready-formed, s t a i n l e s s  s t e e l ,  spun domes. These domes were cook- 
ingware i t e m s  (soup tureens  and f l o u r  scoops) purchased from a 
l o c a l  r e s t a u r a n t  supply s tore .  F i g u r e  6 shows t h e  c r y o s t a t  com- 
ponents b e f o r e  assembly. 

The l i q u i d  hydrogen c r y o s t a t  l i d  was made so  t h a t  a vacuum- 
i n s u l a t e d  l i q u i d - f i l l  l i n e  and a vent  l i n e  w i t h  a c o n c e n t r i c  l i q -  
u i d  dump l i n e  w i t h i n  it were welded i n t o  t h e  l i d  u n i t .  
l i n e  served  as a suppor t  f o r  t h e  l i q u i d - l e v e l  s e n s o r  e lements .  
The seal  between t h e  l i d  and t h e  c r y o s t a t  w a s  a conduct ive neoprene 
bellows. An O-ring was used t o  s e a l  t h e  l i d  a g a i n s t  t h e  upper 
s t e m .  

The dump 

F i g u r e  7 shows t h e  l i d  assembly. 

A l l  cryogenic  s t r u c t u r a l  p a r t s  w e r e  made from 300 series s t a i n -  
less s teels .  
and one f o r  -320°F s e r v i c e .  The two u n i t s  were i d e n t i c a l  except  
f o r  t h e  absence of l i q u i d  n i t r o g e n  cool ing  o f  t h e  lower stem i n  
t h e  n i t r o g e n  c r y o s t a t  and a l e s s - s o p h i s t i c a t e d  l i d  assembly f o r  
n i t r o g e n  s e r v i c e .  

Two c r y o s t a t s  were cons t ruc ted :  one f o r  u s e  a t  -423"F, 
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F i g .  5 Cutaway View of Cryostat Assembly 
Mounted in Fatigue-Testing Machine 
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Fig .  6 Cryostat Components before Assembly 
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B. ALIGNMENT AND ASSEMBLY 

Because t es t  alignment i s  c r i t i c a l ,  the ' spec imens  were designed 
t o  a l i g n  themselves a x i a l l y  by t h r e e  c l o s e - t o l e r a n c e  f a s t e n e r  h o l e s  
i n  each end. L a t e r a l  alignment was provided by conf in ing  t h e  spec- 
imen between pol i shed  guide shoulders  ex tending  w e l l  i n t o  t h e  
f i l l e t  s e c t i o n s .  Allowance was made i n  t h e  d e s i g n  of  t h e  g r i p  
s l o t s  f o r  up t o  0.005-in.  v a r i a t i o n  i n  specimen t h i c k n e s s .  The 
g r i p s  were made by furnace-brazing premachined g r i p  h a l v e s  and t h e n  
f inish-machining t h e  assembly f o r  precise al ignment .  The bases  
of t h e  g r i p s  a r e  threaded f o r  e a s e  of  i n s t a l l a t i o n  i n  t h e  loading  
stems. A s l o t t e d  alignment shoulder  p e r m i t s  t h e  g r i p  t o  be wrench- 
t i g h t e n e d .  

A thermal  locking a c t i o n  was used t o  o b t a i n  t i g h t  j o i n t s  w i t h i n  
t h e  g r i p s .  When aluminum specimens are used, t h e y  c o n t r a c t  t i g h t l y  
a g a i n s t  t h e  steel-mounted f a s t e n e r  p i n s ,  producing locking.  Con- 
v e r s e l y ,  w i t h  t i t a n i u m  specimens, t h e  g r i p s  c o n t r a c t  t o  t i g h t e n  
t h e  b o l t  group a g a i n s t  t he  specimen. A thermal  lock i s  a l s o  
achieved by us ing  t i t a n i u m  washers between t h e  threaded  g r i p  bases  
and t h e  loading stems. 

The loaded c r y o s t a t  assembly i n s e r t s  i n t o  t h e  f a t i g u e - t e s t i n g  
machine by a unique mounting system t h a t  provides  r a p i d  i n s t a l l a -  
t i o n  an? precise alignment. This  mounting system uses  t e e - s l o t t e d  
r e t a i n e r  p l a t e s  f i x e d  t o  the t e s t  machine heads; matched tee-shaped 
b locks ,  tapped o u t  t o  accept t h e  loading s t e m s ,  are mounted on t h e  
c r y o s t a t  assembly. When these  b locks  are  i n s e r t e d  i n  t h e  r e t a i n e r  
p l a t e s ,  t h e y  provide a p r e c i s e  f i t  o f  t h e  e n t i r e  assembly. The 
mounting system i s  locked by us ing  p a i r e d  wedge p l a t e s  l o c a t e d  i n -  
s i d e  t h e  r e t a i n e r  p l a t e s .  F i g u r e  8 shows t h e  r e t a i n e r  p l a t e  ( A ) ,  
t ee -b lock  ( B ) ,  and wedge p l a t e s  ( C ) .  Alignment o f  each component 
of t h e  system i s  necessary f o r  t e s t i n g  of  s h e e t  materials,  and 
each component must be i n s t a l l e d  i n  i t s  indexed p o s i t i o n  f o r  each 
t e s t .  The tee b locks  and t h e i r  r e t a i n e r s  were h a n d - f i t t e d  f o r  
p r e c i s e  alignment.  The e n t i r e  system w a s  a l s o  g iven  a f i n a l  p r e -  
c i s e  alignment a f t e r  assembly by us ing  a s t r a i n - g a g e d  alignment 
ce l l .  Alignment was achieved by a d j u s t i n g  t h e  head frame and 
r e t a i n e r  p l a t e s .  

To i l l u s t r a t e  t h e  e f f e c t  of column al ignment ,  high-speed.motion 
p i c t u r e s  were made of  both an a l i g n e d  and an i n t e n t i o n a l l y  m i s -  
a l i g n e d  (7075-T6 aluminum a l l o y )  specimen t e s t e d  a t  70°F. F i g u r e  9 
shows t h e  e f f e c t  of misalignment. Column buckl ing i s  c l e a r l y  
shown,under compressive load; t h i s  column buckl ing i s  shown t o  
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F i g .  8 V i e w  of Cryostat and Mounting Hardware 
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Compress ion Tens ion 

Compression Tens ion 

(a) Views before Failure (two complete cycles) 

(b) Views at Failure (adjacent frames) 

Fig. 9 Frames from High-speed Motion Pictures of Misaligned 
7075-T6 Aluminum Alloy Fatigue Test 
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cause f a i l u r e .  
a t  t h r e e  s t r e s s  l e v e l s  (20,000, 63,000, and 75,000 p s i ) .  The 
l a t t e r  s t r e s s  l e v e l  was above t h e  y i e l d  s t r e n g t h  f o r  t h i s  m a t e r i a l ,  
F igu re  10 shows no evidence of column buckl ing  under compressive 
loads .  

A p r o p e r l y  a l igned  7075-T6 specimen was t e s t e d  

F a i l u r e  occurred  i n  t h e  t e n s i o n  p o r t i o n  of t h e  c y c l e ,  



. -  

-- 
(b) Views at Failure (adjacent frames) 

Fig. 10 Frames from High-speed Motion Picture of Properly 
Aligned 7075-T6 Aluminum Alloy Fatigue Test 
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C. AUTOMATION 

The systems used f o r  bo th  -320 and -423°F o p e r a t i o n  w e r e  con- 
s t r u c t e d  so t h a t  t e s t i n g  could be  performed a u t o m a t i c a l l y ,  w i t h  o n l y  
p e r i o d i c  monitor ing r e q u i r e d .  Automatic l e v e l  s e n s o r / f i l l  con- 
t r o l l e r s  were c o n s t r u c t e d  f o r  each system. These s e n s o r s  use  a 
Martin-developed c i r c u i t  t h a t  i n c o r p o r a t e s  a small-diameter  p l a t -  
inum w i r e  (0.0005-in.)  approximately 3 /8- in .  long a s  t h e  sens ing  
element. A sharp  r e s i s t a n c e  change of t h e  he, i ted plat inum w i r e  
occurs a s  t h e  element i s  cycled from t h e  l i q u i d  t o  t h e  vapor 
phases. 
t h e  r e s i s t a n c e  changes of t h e  w i r e .  Po in t  s e n s o r s  l o c a t e d  approx- 
imately 2 i n .  a p a r t  i n  t h e  c r y o s t a t  a r e  used t o  main ta in  l i q u i d  
l e v e l  between t h e  sensors .  F i l l  i s  au tomat ic  through a s o l e n o i d -  
operated v a l v e  t h a t  p e r m i t s  l i q u i d  f i l l  u n t i l  t h e  upper s e n s o r  i s  
immersed. F i l l  i s  then  d iscont inued  u n t i l  t h e  lower sensor  be- 
comes exposed because of b o i l o f f .  The f i l l  p rocess  i s  then r e -  

peated.  

a t  -423°F ( L H 2 )  f o r  14 h r  (1.50 x LO6 cyc les )  have been r o u t i n e l y  
conducted us ing  these  automated systems. F i g u r e s  11 and 1 2  show 
t h e  l i q u i d  n i t r o g e n  and l i q u i d  hydrogen c o n t r o l l e r s ,  r e s p e c t i v e l y .  

For s a f e t y ,  a t h e r m i s t o r  i n  t h e  l i d  of  t h e  l i q u i d  hydrogen 

A t r a n s i s t o r i z e d  r e l a y - c o n t r o l  c i r c u i t  i s  used t o  d e t e c t  

6 T e s t s  a t  -320°F ( L N 2 )  f o r  46 h r  (5 .00  x 10 c y c l e s )  and 

c r y o s t a t  s e r v e s  as an o v e r f i l l  sensor .  I n  c a s e  of o v e r f i l l ,  t h e  
f i l l  v a l v e  c l o s e s ,  and t h e  f a t i g u e  machine i s  stopped. This  a c t i o n  
a l s o  o c c u r s  i f  t h e  f a c i l i t y  power f a i l s .  

For a d d i t i o n a l  s a f e t y ,  t h e  c o n t r o l  pane l  i n c l u d e s  remote con- 
t r o l s  t o  s t a r t  a n d . s t o p  t h e  f a t i g u e  machine. It i s  t h e r e f o r e  un- 
necessary f o r  t h e  o p e r a t o r  t o  e n t e r  t h e  t e s t  c e l l  a f t e r  t h e  c r y o s t a t  
i s  i n s t a l l e d  i n  t h e  f a t i g u e  machine. An intercom system provides  
audib le  monitor ing of t h e  t e s t ,  b o t h  i n  t h e  c o n t r o l  room and a t  
var ious  l a b o r a t o r y  l o c a t i o n s .  

A schematic  diagram f o r  t h e  l i q u i d  hydrogen f low system i s  
given i n  F i g .  13. A s e l f - p r e s s u r i z i n g ,  1000-R, mobile s t o r a g e  
Dewar i s  used t o  provide l i q u i d  hydrogen. F i l l  i s  c o n t r o l l e d  by 
a Martin-designed and -cons t ruc ted  c ryogenic  v a l v e ,  which i s  opera ted  
by a so lenoid-gas  a c t u a t o r  combination. A l l  l i q u i d  t r a n s f e r  l i n e s  
are vacuum-insulated. Nitrogen and helium g a s  are s u p p l i e d  to’ t h e  
system t o  sweep-purge t h e  c r y o s t a t ,  f i l l  l i n e ,  and v e n t  system. 
The e n t i r e  system i s  normally purged f o r  5 min b e f o r e  f i l l i n g .  
vent system has been designed t o  permit  hydrogen t e s t i n g  under a l l  
weather c o n d i t i o n s .  The n e c e s s i t y  f o r  t h i s  approach r e s u l t s  from 

The 
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a p o t e n t i a l  g r a d i e n t  t o  ground t h a t  i s  developed through t h e  
atmosphere dur ing  c e r t a i n  weather cond i t ions .  Th i s  p o t e n t i a l  i s  
o f t e n  s u f f i c i e n t  t o  i g n i t e  a hydrogen-oxygen mixture  a t  t h e  ven t  
s t a c k  o u t l e t .  
i g n i t i o n  back t o  t h e  c ryos t a t  and p o s s i b l e  explos ion .  The water 
va lve  c o n s i s t s  of a 30-gal .  drum con ta in ing  a b e l l  j a r .  The i n l e t  
t o  t h e  b c l l  j a r  i s  below l iqu id  l e v e l ;  t h e  o u t l e t  above. A goose- 
neck t r a p  i s  used t o  prevent water from backing i n t o  t h e  ven t .  

The vent  system inc ludes  a w a t e r  va lve  t o  prec lude  

D. FACILITY 

To perform t h e  l i q u i d  hydrogen t e s t i n g  i n  a s a f e  l o c a t i o n ,  i t  
was necessary  t o  move an SF 10 U f a t i g u e - t e s t i n g  machine from t h e  
Denver Mate r i a l s  Engineering Laboratory t o  t h e  Denver Hydrogen 
Research Laboratory,  where l i q u i d  hydrogen can be handled s a f e l y .  
It was necessary  t o  cons t ruc t  a t es t  c e l l  f o r  t h i s  machine. A 
conc re t e  s l a b  base ,  12x14 f t ,  and blowout-type t es t  room were p r e -  
pared ,  t h e  l a t t e r  ad jc in ing  t h e  e x i s t i n g  t e n s i l e  t es t  c e l l .  It 
i s  cons t ruc ted  of welded s t e e l ,  w i th  a heavy p l a t e  b l a s t  w a l l  
s e p a r a t i n g  the  two c e l l s  and a s i m i l a r  b l a s t  w a l l  between t h e  c e l l  
and Dewar parking a r e a .  The remaining two s i d e s  a r e  covered wi th  
f i b e r g l a s  a t t ached  t o  t h e  frames wi th  screws so t h a t  t h e  w a l l  can 
r e a d i l y  blow out  i n  the  event of an explos ion .  A ske tch  (A) and 
a photograph (B) of t he  l i qu id  hydrogen f a t i g u e - t e s t i n g  f a c i l i t y  
a r e  shown i n  F ig .  14. 

The l i q u i d  n i t rogen  f a c i l i t y  i s  shown i n  F ig .  15. 
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Fig. 14 Liquid Hydrogen Fatigue-Testing Facility 
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E. PERFORMANCE 

Thermal performance of t h e  c r y o s t a t  and system has been v e r y  
s a t i s f a c t o r y .  O r i g i n a l  c a l c u l a t i o n s  i n d i c a t e d  a l i q u i d  hydrogen 
b o i l o f f  r a t e  of  3.5 R p e r  t e s t  hour f o r  t h e  c r y o s t a t  a l o n e ,  u s i n g  
a l i q u i d  n i t r o g e n - f i l l e d  o u t e r  j a c k e t  t o  minimize hydrogen l o s s ,  
I n  a c t u a l  p r a c t i c e ,  t h e  l i q u i d  n i t r o g e n  f i l l  was d iscont inued  
s i n c e  the t o t a l  system b o i l o f f  of  t h e  c r y o s t a t ,  7 f t  of t r a n s f e r  
l i n e ,  s i x  coupl ing j o i n t s ,  a l i q u i d  s h u t o f f  va lve ,  and a s t o r a g e  
Dewar o u t l e t  system averaged o n l y  7 R lh r .  

Although t h e  f i l l  c o n t r o l l e r s  performed v e r y  s a t i s f a c t o r i l y  
f o r  many months, f r e q u e n t  f a i l u r e s  of t h e  plat inum elements  and 
t h e  t r a n s i s t o r s  occur red  dur ing  t h e  l a t t e r  months of t h i s  program, 
causing c o n s i d e r a b l e  l o s s  of t i m e .  A s  a l a s t  r e s o r t ,  a bread-  
board c i r c u i t  w i t h  t h e r m i s t o r s  was prepared t o  provide c o n t r o l  
f o r  t h e  remaining l i q u i d  n i t r o g e n  t e s t s .  
s t r u c t  new c o n t r o l l e r s  f o r  bo th  l i q u i d  n i t r o g e n  and l i q u i d  hydro- 
gen t e s t i n g  dur ing  t h e  second year  of t h e  program. 

It i s  planned t o  con- 

The performance of  t h e  f a t i g u e  machines was s u r p r i s i n g l y  poor,  
Numerous f a i l u r e s  i n  t h e  ba lance  meter c i r c u i t  and s t a t i c  load 
c o n t r o l l e r  r e s u l t e d  i n  a s i g n i f i c a n t  l o s s  o f  t e s t i n g  t i m e .  New 
equipment has been obta ined  t o  replace t h e  d e f e c t i v e  components. 
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V. TEST PROCEDURE 

Specimens were t e s t e d  a t  t h r e e  temperatures:  70, -320 ,  and 
-423°F. Cryogenic temperatures  were achieved by cons t an t -  
temperature  l i q u i d  ba ths :  l i q u i d  n i t r o g e n  f o r  -320°F and l i q u i d  
h. .dvn-n-  Fnr -423°F.  
L l y U L ” 6 L L I  L V L  

A. TENSION 

Paren t  meta l  aluminum specimens were t e s t e d  a t  cons t an t  t e s t  
machine p l a t e n  speed corresponding t o  an approximate s t r a i n  r a t e  
of 0 .010 i n . / i n . / m i n  i n  the e l a s t i c  range .  A f t e r  the  specimen 
y i e l d e d ,  p l a t e n  speed was inc reased  t e n f o l d .  Welded specimens 
were t e s t e d  t o  f a i l u r e  a t  a cons t an t  p l a t e n  speed e q u i v a l e n t  t o  
0.010 i n . / i n . / m i n .  Titanium specimens were s i m i l a r l y  eva lua ted  
except  t h a t  the  t e s t  speed was one h a l f  t h a t  used f o r  aluminum 
specimens. 

The equipment and techniques used f o r  t e n s i l e  e v a l u a t i o n  a r e  

s i m i l a r  t o  those  descr ibed i n  the l i t e r a t u r e .  Type AB-3 Bake- 
l i t e  r e s i s t a n c e  s t r a i n  gages bonded wi th  EPY 400 cement were used 
f o r  s t r a i n  measurement on t e n s i l e  specimens. Specimens were 
s ingle-gaged except  f o r  one specimen of each type t h a t  was double-  
gaged f o r  modulus de te rmina t ion .  To e s t a b l i s h  a c c u r a t e  modulus 
d a t a ,  the  specimen was s t r a i n e d  i n  the e l a s t i c  range a t  l e a s t  t h r e e  
t imes.  The same specimen was used a t  each of the  t h r e e  temper- 
a t u r e s .  S t r a i n  gages were c a l i b r a t e d  us ing  a tapered  c a n t i l e S e r  
beam device  t o  i n d i c a t e  s t r a i n  s e n s i t i v i t y  ( o r  gage f a c t o r )  a t  
each temperature  so t h a t  modulus d a t a  could be p rope r ly  converted 
t o  c o r r e c t  f o r  temperature e f f e c t s .  

B. FATIGUE 

Specimens f o r  f a t i g u e - t e s t i n g  were hand-pol ished on t h e i r  
edges t o  remove a l l  evidence of machining marks. A l l  specimens 
w e r e  prepared with t h e  as - rece ived  s u r f a c e s  i n t a c t .  Afterwards,  
t h e  specimens were c a r e f u l l y  measured and then  i n s t a l l e d  i n  t h e  
c r y o s t a t .  The c r y o s t a t  was i n s e r t e d  i n t o  t h e  f a t i g u e  machine 
and t h e  e n t i r e  u n i t  f lushed w i t h  i n e r t  gas  f o r  a minimum of 5 
min be fo re  t h e  l i q u i d  hydrogen f i l l  p rocess .  Af t e r  t e s t i n g ,  t h e  
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c r y o s t a t  was thoroughly f lu shed  wi th  warmed n i t r o g e n  gas  be fo re  
opening. 

Except f o r  t he  cryogenic  a s p e c t s ,  t e s t i n g  was performed i n  a 
r o u t i n e  manner. To o b t a i n  e x t r a  d a t a  a t  l i q u i d  hydrogen tempera- 
t u r e ,  some of t h e  d i scon t inued  specimens were r e - r u n  a t  h igh  
s t r e s s e s  t o  produce low cyc le  f a i l u r e s .  R e s u l t s  ob ta ined  from 
r e - r u n  specimens compared f avorab ly  wi th  d a t a  obta ined  from p re -  
v i o u s l y  untes ted  specimens. 



V I .  EXPERIMENTAL RESULTS 

Tens ion - t e s t ing  a t  a l l  tempera tures  and l i q u i d  hydrogen f a t i g u e -  
t e s t i n g  were performed a t  the Denver f a c i l i t y .  F a t i g u e - t e s t i n g  
a t  room and a t  l i q u i d  n i t rogen  tempera tures  was performed a t  the  
Baltimore d i v i s i o n .  

A .  TENSION TESTS 

Tension t e s t s  were performed a t  70, -320, and -423°F t o  pro-  
v i d e  d a t a  on: 

U 1 t ima t e s t reng t h ; 

Yield s t r e n g t h ;  

Elongat ion;  

Modulus of e l a s t i c i t y .  

T r i p l i c a t e  t e s t s  were performed f o r  each cond i t ion .  Resu l t s  
of t hese  t e s t s  a r e  shown g raph ica l ly  i n  F i g .  16 t h r u  23. De ta i l ed  
t e s t  d a t a  a r e  g iven  i n  Appendix B y  Tables  B - I  t h r u  B - V I I I .  

B. FATIGUE TESTS 

Fa t igue  t e s t s  were performed t o  provide SIN curves  a t  70, 
-320, and -423°F. A s t r e s s  r a t i o  (R) of -1 was used f o r  a l l  a l u -  
minum specimens. The t i t an ium specimens were n o t  s u f f i c i e n t l y  
f l a t  t o  permit  f u l l y  reversed s t r e s s i n g  and were t e s t e d  under 
t e n s i o n / t e n s i o n  loading  a t  a s t r e s s  r a t i o  of 0 .01 .  
b r i t t l e  behavior  of the  Ti-13V-llCr-3Al i n  the  t e n s i o n  t e s t s  i t  
was assumed t h a t  i t  might not  be p o s s i b l e  t o  f a t i g u e  t e s t  the 
b e t a  t i t an ium a l l o y  s a t i s f a c t o r i l y  a t  c ryogenic  tempera tures .  
Therefore ,  the  welded panels  of t h i s  a l l o y  were not  machined i n t o  
specimen form. Evalua t ion  of t he  pa ren t  meta l  f a t i g u e  specimens 
showed t h a t  d a t a  could be genera ted .  Unfo r tuna te ly ,  time d i d  
no t  permit  machining and t e s t i n g  of the  welded specimens dur ing  
the  c o n t r a c t  pe r iod .  
dur ing  the second y e a r ' s  e f f o r t .  

Based on the  

This p o r t i o n  of the  work w i l l  be completed 

Fa t igue  t e s t  r e s u l t s  a re  i l l u s t r a t e d  i n  F i g .  24 t h r u  36. 
De ta i l ed  t a b u l a r  p re sen ta t ions  of t hese  d a t a  a r e  g iven  i n  Appendix 
C ,  Tables  C - I  t h r u  C - X I I I .  
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V I I .  DISCUSSION OF RESULTS 

Test r e s u l t s  f o r  t h e  aluminum and t i t a n i u m  a l l o y s  a r e  d i s -  
cussed i n  t h i s  c h a p t e r .  

A .  ALUMINUM ALLOYS 

Of t h e  f i v e  aluminum compositions employed i n  t h i s  s tudy ,  
t h r e e  a r e  being used or have been cons idered  f o r  cryogenic  se rv -  
i c e .  These a l l o y s  a r e  2014,  2219, and 5456. The o t h e r  two com- 
p o s i t i o n s ,  2020 and 7075, have not been contenders  f o r  cryogenic  
s e r v i c e  p r i m a r i l y  because they a r e  nonweldable g rades .  I n  addi-  
t i o n ,  t h e  7075 i s  known t o  e x h i b i t  poor toughness c h a r a c t e r i s t i c s  
a t  cryogenic  tempera tures .  However, t h e s e  l a t t e r  compositions 
were included i n  t h e  s tudy  f o r  comparative purposes .  

1. Tension P r o p e r t i e s  

The mechanical p r o p e r t i e s  of t h e  2014-T6 and 2219-T87 a l l o y s  
(F ig .  16 and 1 7 ,  r e s p e c t i v e l y )  a r e  ve ry  s i m i l a r  and i n  subs tan-  

t i a l  agreement wi th  t h e  da ta  of o t h e r s .  3 y 4  
a c t e r i z e d  by a g r e a t e r  temperature  dependence of s t r e n g t h  from 
-320 t o  -423°F than  from 70 t o  -320°F. Y ie ld  and weld s t r e n g t h s  
show a r e l a t i v e l y  cons tan t  r a t e  of i n c r e a s e  with decreas ing  t e m -  
p e r a t u r e .  E lognat ion  inc reases  approximately 50% from 70 t o  
-423°F. The p r i n c i p a l  d i f f e r e n c e  i n  p r o p e r t i e s  of t h e s e  a l l o y s  
i s  t h e  s i g n i f i c a n t l y  lower y i e l d  s t r e n g t h  i n  t h e  2219-T87 a l l o y .  

These a l l o y s  a r e  char -  

The 5456-H343 a l l o y  (Fig.  18)  e x h i b i t s  approximately 20% lower 
u l t i m a t e  s t r e n g t h  than  t h e  2014-2219 a l l o y s .  
u l t i m a t e  s t r e n g t h  i s  r a t h e r  low. Elongat ion  i s  r e l a t i v e l y  inde-  
pendent of tempera ture .  A t  70 t o  -320"F, weld s t r e n g t h  i n c r e a s e s ,  
but  then  decreases  with f u r t h e r  temperatu;e r e d u c t i o n ,  This de- 
c r e a s e  i n  weld s t r e n g t h  and f l a t  d u c t i l i t y  curve i s  sugges t ive  of 
l o s s  of toughness a t  l o w  temperatures .  The resul ts  of o the r  s tud -  
i e s  (Ref 3 and 5)  have shown lower toughness f o r  t h i s  a l l o y  a t  
-423°F than  f o r  t h e  2000 ser ies  a l l o y s .  

The r a t i o  of y i e l d /  

The 2020-T6 a l l o y  (F ig .  19 )  shows ve ry  h igh  s t r e n g t h  proper-  
t i e s .  Room temperature  u l t ima te  s t r e n g t h  i s  equal  t o  t h e  s t r e n g t h  
of 5456-H343 a t  -423°F. Although t h i s  composition i s  expected t o  
e x h i b i t  poor toughness a t  cryogenic tempera tures ,  t h e  l i m i t e d  e v a l -  
u a t i o n  performed i s  not s u f f i c i e n t  t o  d e t e c t  such behavior .  Ten- 
s i l e  d u c t i l i t y  i nc reases  t o  approximately 10% a t  -423°F. 
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The 7075-T6 m a t e r i a l  (F ig .  20) shows evidence of t h e  onse t  of 
b r i t t l e  ac t ion  a t  -423°F. Ult imate  and y i e l d  s t r e n g t h s  f l a t t e n  
out between -320 and -423°F. 
of temperature .  Although no notch t e s t s  were performed i n  t h i s  
s tudy ,  da ta  obtained by C h r i s t i a n  and Watson (Ref 6 )  show a s i g -  
n i f i c a n t  loss of toughness f o r  t h i s  a l l o y  a t  low tempera tures .  

E longat ion  i s  r e l a t i v e l y  independent 

Modulus d a t a  f o r  t h e  f i v e  a l l o y s  a r e  g iven  i n  F i g .  37.  Room- 
temperature r e s u l t s  a r e  s l i g h t l y  lower but  agree  w i t h i n  2% wi th  
d a t a  obtained from t h e  Aluminum Assoc ia t ion  and from producers .  
Publ ished d a t a  a r e  compared with t h e  exper imenta l  d a t a  below: 

Modulus of E l a s t i c i t y ,  lo6 - p s i  

Alloy Experimental  Publ i shed  

20 14-T6 
22 W T 8 7  
5456-H343 
2020-T6 
7075-T6 

10.6 10 .6  
10.5 10.6 
10.2 10 .3  
11.1 11 .3  
10.2 10.4 

The h ighes t  modulus m a t e r i a l  i s  t h e  2020 composi t ion.  When 
introduced,  t h i s  composition was r epor t ed  t o  e x h i b i t  a 10% i m -  
provement over e x i s t i n g  a l l o y s .  However, subsequent s tudy  showed 
i t  t o  be approximately 5%. Never the l e s s ,  t h i s  l e v e l  i s  s t i l l  
h igher  than almost a l l  o t h e r  aluminum a l l o y s .  

There i s  i n s u f f i c i e n t  r e l i a b l e  d a t a  i n  t h e  l i t e r a t u r e  t o  con- 
f i rm  t h e  cryogenic modulus d a t a .  

2 .  Fat igue P r o p e r t i e s  

Fat igue d a t a  f o r  t h e  aluminum a l l o y s  a r e  p re sen ted  i n  t h e  
fol lowing f i g u r e s  and t a b l e s .  

Mater ia  1 

2014-T6 Parent  Metal 
22197T87 Parent  Metal 
5456-H343 Parent  Metal 
2020-T6 Pa ren t  Metal  
7075-T6 Pa ren t  Metal  
2 0 14- T6 We 1 de d 
2219-T87 Welded 
5456-H343 Welded 

Figure  

24 
25 
26 
27  
28 
29 
30 
31 

Tab l e  

c - I  
c-I1 
c-I11 
c- I V  
c-v 
c-VI 
c-VI1 
c-VI11 
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Fig .  37 Modulus of E l a s t i c i t y  of F ive  Aluminum Al loys  a t  
Cryogenic Temperatures 
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S/N ( s t r e s s  vs number of c y c l e s  t o  f a i l u r e )  curves  f o r  a l l  
m a t e r i a l s  were g e n e r a l l y  good. Reproduc ib i l i t y  of f a t i g u e  l i f e  
f o r  mul t ip l e  tests performed a t  a cons t an t  stress level was s u r -  
p r i s i n g l y  good cons ide r ing  t h e  alignment problems and s h e e t  gages 

eva lua ted .  I n  s e v e r a l  c a s e s ,  t h e  t es t s  performed i n  t h e  10 cy- 

c l e  range were a t  a stress s u f f i c i e n t l y  lower than  t h e  lo5 c y c l e  
tes ts  s o  t h a t  t h e  endurance l i m i t  stress could not  be s e l e c t e d  
wi th  g rea t  accuracy.  I n  t h e s e  few c a s e s ,  t h e  spread  f o r  t h e  en- 
durance l i m i t  is p resen ted .  However, t he  spread does no t  exceed 
5000 p s i .  
This  w a s  i n  t h e  case  of t h e  2219-T87 pa ren t  metal a t  -320°F. 
These data a r e  d iscussed  i n  d e t a i l  l a t e r  i n  t h i s  s e c t i o n .  

6 

I n  only one case  were t h e  d a t a  d i f f i c u l t  t o  i n t e r p r e t .  

The parent  metal  S/N curves f o r  2014-T6 and 5456-H343 were 
s i m i l a r  except f o r  lower sho r t - t ime  s t r e n g t h  p r o p e r t i e s  f o r  t h e  
l a t t e r  a l loy .  I n  both cases  t h e  70 and -423°F curves  were f l a t -  
t e r  t han  the  -320°F curve ,  which showed a s l i g h t  knee.  Endurance 
l i m i t  values a r e  given i n  Table V. 

Table V Endurance L i m i t s  f o r  Aluminum Alloys 

Alloy OF Parent  Metal  Welded 
Temperature, 

15 10 I 25 I 10 t o  15 
2014-T6 70 I -320 

-423 45 18 
22 19 - T8 7 70 20 10 

-320 15 t o  25 1 2  
-423 40 2 2  

545G-H343 70 15 10 
-320 25 1 2  
-423 40 18 t o  23 

2020-T6 70 18 
-320 22 
-423 40 

7075 -T6 70 1 2  
-320 20 

I -423 I 35 I 
The behavior of t h e  2219-T87 parent  m e t a l  was s i m i l a r  t o  t h a t  

of t h e  former a l l o y s  except  t h a t  t h e  l i q u i d  n i t r o g e n  curve ap- 
p e a r s  t o  be f l a t t e r  i n  t h e  low c y c l e  range .  
p o r t i o n  of t h e  curve i s  presented  a s  a sp read  band t h a t  c r o s s e s  
t h e  room temperature curve .  
t h i s  technique be used. 

The endurance l i m i t  

C o n f l i c t i n g  d a t a  p o i n t s  r e q u i r e  t h a t  
Although t h e  upper l i n e  of t h e  band g ives  
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t h e  expected behavior ,  t h e  d a t a  p o i n t s  a t  15,000 p s i  cannot be 
ignored.  The d u p l i c a t e  t e s t s  performed a t  25,000 p s i  produced 
f a i l u r e s  through t h e  p inholes .  N o  reason  f o r  t h i s  type  of f a i l -  
u r e  i s  apparent .  

The nonweldable a l l o y s ,  2020-T6 and 7075-T6, e x h i b i t e d  s t e e p e r  
S / N  curves  than  t h e  weldable grades .  The 2020-T6 curve a t  70°F 
flattened n i i t  a f t e r  a r e l a t i v e l y  s h n r t  nijmhpr of c y c l e s ,  The 
7075-T6 composition showed a ve ry  low room tempera ture  endurance 
l i m i t .  The l i q u i d  hydrogen curve was q u i t e  s t e e p .  

F r a c t u r e  s u r f a c e s  of the pa ren t  meta l  f a t i g u e  specimens showed 
t y p i c a l  t r a n s g r a n u l a r  f a t i g u e  f a i l u r e s ,  and t h e  5456-H343 and 
7075-T6 specimens showed a laminated appearance.  This behavior  
i s  t y p i c a l  f o r  t h e  s t r a i n  hardened 5456 a l l o y  even i n  s t a t i c  t e n -  
s i o n  f a i l u r e s ,  bu t  i s  not  observed f o r  t h e  7075 composi t ion i n  
t e n s  i o n ,  

Fa t igue  curves  f o r  t h e  t h r e e  welded a l l o y s  e x h i b i t e d  very  
s i m i l a r  shape and s t r e n g t h  p r o p e r t i e s .  Endurance l i m i t  va lues  
v a r i e d  l i t t l e .  

A review of techniques  proposed f o r  curve f i t t i n g  suggested 
t h a t  i n s u f f i c i e n t  d a t a  were a v a i l a b l e  f o r  use wi th  t h e s e  methods. 

I n  an at tempt  t o  compare d a t a  obta ined  f o r  t h e  va r ious  a l l o y s ,  
t h e  f a t i g u e  p r o p e r t i e s  were reduced t o  r a t i o s  of f a t i g u e  s t r e n g t h /  
t e n s i l e  s t r e n g t h  and f a t i g u e  s t r e n g t h l y i e l d  s t r e n g t h .  
proach permi ts  a comparison of behavior  under dynamic cond i t ions  
with t h a t  under s t a t i c  cond i t ions .  Table V I  p r e s e n t s  t h e  d a t a  

f o r  f a t i g u e  s t r e n g t h  p r o p e r t i e s  a t  lo4 ,  lo5 ,  and 10 
f o r  t h e  endurance l i m i t  compared t o  t e n s i l e  p r o p e r t i e s .  Table 
V I 1  g ives  a s imilar  comparison f o r  y i e l d  d a t a .  F igu res  38 and 
39 p resen t  g r a p h i c a l l y  these  comparisons a t  t h e  t h r e e  t e s t  t e m -  
pe ra tu re s  f o r  t h e  endurance l i m i t  c o n d i t i o n .  The d a t a  c l e a r l y  
show t h e  poor behavior  of 7075-T6 a t  a l l  t empera tures .  The 2020- 
T6 i s  s i m i l a r l y  lower than  t h e  remaining a l l o y s .  The t h r e e  r e -  
maining a l l o y s  (pa ren t  metal  c o n d i t i o n )  a r e  s i m i l a r  a t  70"F, w i th  
2219 e x h i b i t i n g  s l i g h t l y  higher  p r o p e r t i e s .  A t  t h e  cryogenic  
tempera tures ,  5456-H343 shows t h e  h i g h e s t  dynamic l s t a t i c  s t r e n g t h  
r a t i o .  A comparison of the weld p r o p e r t i e s  shows ve ry  s imi l a r  
r e s u l t s  f o r  t h e  t h r e e  a l loys  a t  room tempera ture .  A t  cryogenic  
tempera tures ,  t h e  5456 appears t o  be s u p e r i o r .  The r e s u l t s  of 
t h i s  a n a l y s i s  can be compared wi th  notch toughness p r o p e r t i e s  t o  
determine whether any t rends  become apparent .  
t h e  f a t i g u e  s t r e n g t h  t o  t e n s i l e  and y i e l d  s t r e n g t h  r a t i o s  wi th  
t h e  notch/unnotch s t r e n g t h  r a t i o  a t  va r ious  tempera tures .  The 
t a b l e  shows t h a t  t h e  5456-H343 a l l o y  t h a t  e x h i b i t s  an ou t s t and ing  
f a t i g u e  s t r e n g t h  r a t i o  i s  r a t h e r  poor i n  notch toughness and t h a t  
t h e  7075-T6 a l l o y  is poor in  both c a t e g o r i e s .  

This  ap- 

6 cyc le s  and 

Table V I 1 1  compares 
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Temperature, 
O F  

70 
-320 
-423 

70 
-320 
-423 

Table VI11 Comparison of Fa t igue  S t rength  Rat ios  wi th  Notch St rength  
Rat ios  f o r  Aluminum Alloys 

Fa t igue /Yie ld  
R a t i o  

0.22 
0.32 
0.54 

0.36 
0.22 t o  0.37 

0.57 

2014-T6 
(Ref 4)  

(Ref 3 )  

5456-H343 
(Ref 3)  

7 0  
-320 
-423 

Fa t igue  / U l t  imate 
Rat i o  

0.34 
0.49 
0.74 

0 .21  
0.29 
0.49 

0.26 0.92 
0.35 0.68 
0.49 0.66 

0.30 
0.18 t o  0.29 

0 .40  

7075-T6 
(Ref 6 )  

Not ch/Unnotch 
Rat io* 

70 
-320 
-423 

1.06 
0.92 
0.84 

0.16 
0.23 
0.40 

0.99 
0.97 
0.92 

0.15 1.02 
0.20 0.78 
0.30 0.73 

*Kt = 7.3  t o  8 . 0 .  



The r e s u l t s  of two t e s t s  performed under t e n s i o n / t e n s i o n  load-  
ing  show t h e  e f f e c t  of s t r e s s  r a t i o  on f a t i g u e  p r o p e r t i e s .  A l -  
though i n s u f f i c i e n t  d a t a  a re  p re sen ted  f o r  ,a q u a n t i t a t i v e  a n a l y s i s  
of t h e  e f f e c t ,  t h e  marked i n c r e a s e  i n  l i f e  i s  appa ren t .  F igu re  
40 compares 2219--T87 parent me ta l  and 2014-T6 welded p r o p e r t i e s  
t e s t e d  a t  R = -1 wi th  poin ts  ob ta ined  f o r  R = 0 a t  -423°F. 

F i g .  40 E f f e c t  of S t r e s s  R a t i o  on t h e  F a t i g u e  P r o p e r t i e s  of 
Two Aluminum Alloys a t  -423°F 

B.  TITANIUM ALLOYS 

The t i t a n i u m  a l l o y s  eva lua ted  i n  t h i s  program r e p r e s e n t  each 
system used commercially: ( a )  a lpha ;  (b) b e t a ,  and ( c )  a lpha-  
b e t a .  The Ti-5A1-2.5Sn c r y s t a l l i z e s  i n  t h e  hexagonal-close-packed 
s t r u c t u r e  ( a lpha )  and i s  c h a r a c t e r i z e d  by good r e t e n t i o n  of prop- 
e r t ies  down t o  ve ry  low tempera tures .  
i s  a b e t a  type  c r y s t a l l i z i n g  i n  t h e  body-centered-cubic s t r u c t u r e .  
Body-centered-cubic m a t e r i a l s  a r e  t y p i f i e d  by d u c t i l e - b r i t t l e  t r a n -  
s i t i o n  behavior  and consequently a r e  not  s u i t e d  f o r  c ryogenic  

The Ti-13V-llCr-3Al a l l o y  
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~ 

s e r v i c e .  
combines hexagonal and body-centered-cubic  phases .  
r e l a t i v e l y  low percentage  of b e t a  phase i n  t h i s  p a r t i c u l a r  com- 
p o s i t i o n ,  toughness and d u c t i l i t y  can be r e t a i n e d  t o  moderately 
low temperatures .  However, below -320°F t h e r e  i s  a marked de- 
crease i n  mechanical p r o p e r t i e s .  Hence, a lpha  a l l o y s ,  such a s  
Ti-5A1-2.5Sn, a r e  c l e a r l y  t h e  b e s t  t i t a n i u m  s e l e c t i o n  f o r  most 
a p p l i c a t i o n s  down t o  -423°F. 

The Ti-6A1-4V a l l o y  r e p r e s e n t s  t h e  a lpha-be ta  type  and 
Due t o  t h e  

1. Tension P r o p e r t i e s  

The mechanical p r o p e r t i e s  of t h e  Ti-5A1-2.5Sn a l l o y  are shown 
i n  F i g .  2 1 .  
-423°F. Weld j o i n t  e f f i c i e n c y  i s  very  c l o s e  t o  100%. Elongat ion  
inc reases  s l i g h t l y  from room temperature  t o  -320"F, bu t  dec reases  
s h a r p l y  t o  1.8% a t  -423°F. 
normal i n t e r s t i t i a l  Ti-5A1-2.5Sn but  no t  f o r  l o w - i n t e r s t i t i a l  g rade .  
A s tudy  of t h e  chemical a n a l y s i s  shows both i r o n  and i n t e r s t i t i a l  
e lements  t o  be q u i t e  low. No exp lana t ion  f o r  t h i s  unusual  behavior  
can b e  found. P l o t t i n g  t h e  i n t e r s t i t i a l  conten t  of t h i s  m a t e r i a l  
wi th  t h e  d a t a  p rev ious ly  r e p o r t e d  by Schwartzberg and Keys (Ref 7 )  
on i n t e r s t i t i a l  e f f e c t s  i n  Ti-5A1-2.5Sn shows t h a t  t h e  u l t i m a t e  
s t r e n g t h  f a l l s  s l i g h t l y  above t h e  curve (F ig .  41 ) .  Data of Espey 
e t  a l .  (Ref 8 )  and C h r i s t i a n  (Ref 9) a t  h i g h e r  oxygen equ iva len t  
con ten t s  showed s a t i s f a c t o r y  d u c t i l i t y .  

S t rength  p r o p e r t i e s  i n c r e a s e  almost 100% from 70 t o  

This  behavior  would be expected f o r  

The behavior of t h e  s o l u t i o n - t r e a t e d  and aged Ti-6A1-4V a l l o y  
i s  shown i n  F igure  2 2 .  S t rength  inc reased  from 165,000 p s i  a t  70°F 
t o  almost 300,000 p s i  a t  -423°F. A s  expected f o r  t h i s  composition 
i n  t h e  f u l l y  h e a t - t r e a t e d  cond i t ion ,  d u c t i l i t y  decreased  cont inu-  
ous ly  below room tempera ture .  Weld j o i n t  e f f i c i e n c y  was ve ry  good. 

Figure 23 p r e s e n t s  t e n s i l e  d a t a  f o r  t h e  Ti-13V-llCr-3Al a l l o y .  
A s  expected, b r i t t l e  behavior  was observed below room tempera ture .  
A t  room temperature ,  a s t r e n g t h  l e v e l  of 200,000 p s i  was achieved 
whi le  maintaining 6 .5% e longa t ion .  A t  -320"F, b r i t t l e  f a i l u r e s  
occurred  through t h e  p inholes  o r  specimen f i l l e t .  No a t tempt  was 
made t o  t e s t  specimens a t  -423°F. 

Modulus d a t a  obta ined  a t  70, -110, and -320°F are p resen ted  i n  
F i g .  42.  
p re sen ted .  

Data obta ined  a t  -423°F were not  s a t i s f a c t o r y  and are not  



6 5  

& 

280 

260 

2 40 

220 

.I4 
rn 
24 
n 

5 200 
M e 
a, 
k 
U 
m 
a, 

.d 
rn 
4 180 

2 
E-l 
a 
U 8 160 
.I4 
U 
4 
3 

140 

120 

100 

80 

-423°F 

Legend : 

Source - 
X This  Work (Ref 7)  

0 Schwartzberg & Keys 

0 
C h r i s t i a n  (Ref 9) 

Espey, e t  a1 (Ref 10) 

Espey, e t  a 1  (Ref 8)  

' -  

I .  1 0 . 2  0.3 

Oxygen Equivalent ,  pe rcen t  

Fig.  41 E f f e c t  of I n t e r s t i t i a l  Content on the  Unnotch Tens i l e  
S t r eng th  of Ti-5A1-2.5Sn 



66 

Temperature, OF 
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S i  

I Temptiature,  
Alloy 

2 .  Fa t igue  P r o p e r t i e s  

. Endurance L i m i t ,  k s i  

Parent  Metal  I Welded 

Fa t igue  d a t a  f o r  t h e  fol lowing t i t a n i u m  a l l o y s  a r e  p re sen ted  
i n  t h e  f i g u r e s  and t a b l e s  t abu la t ed  below. 

Ti-5A1-2.5Sn 

T i -  6A1-4V 

Mate r i a l  F igu re  Table 

Ti-5A1-2.5Sn, Parent Metal  32 c - I X  
Ti-6A1-4V, Parent  Metal 33 c-x 
Ti-13V-llCr-3A1, Parent Metal  34 c-XI 
Ti-5A1-2.5Sn, Welded 35 c-XI1 
Ti-6A1-4V, Welded 36 c-XI11 

70 70 70 
-320 120 80 
-423 128  60 

70 70 85 

The pa ren t  metal curves f o r  t h e  t i t an ium a l l o y s  a r e  c h a r a c t e r -  
i zed  by a g e n e r a l  sha rp  t r a n s i t i o n  from high s t r e n g t h  t o  t h e  l e v e l  

of t h e  endurance l i m i t  and r a t h e r  f l a t  behavior  above 10  c y c l e s .  

The aluminum a l l o y  curves do not  f l a t t e n  out u n t i l  10 c y c l e s  a r e  
reached.  

5 

6 

Ti-13V-llCr-3Al 

The Ti-5A1-2.5Sn a l loy  e x h i b i t s  a wide v a r i a t i o n  i n  low c y c l e  
f a t i g u e  s t r e n g t h  a s  a func t ion  of tempera ture .  However, a t  t h e  
endurance l i m i t  the  cryogenic p r o p e r t i e s  a t  -320 and -423°F do 
no t  d i f f e r  widely.  Endurance l i m i t  s t r e s s e s  f o r  the  t h r e e  tem- 
p e r a t u r e s  shown a r e  l i s t e d  i n  Table I X .  

-423 130 80 
70 80 

-320 90 
-423 105 

Table I X  Endurance L i m i t s  f o r  Titanium Al loys  

I -320 95 I 85 I 

For t h e  Ti-6A1-4V a l l o y  t h e r e  i s  a smaller d i f f e r e n c e  i n  
s t r e n g t h  p r o p e r t i e s  a t  the low c y c l e  end of t h e  curve than  f o r  
t h e  Ti-5A1-2.5Sn. However, a t  c ryogenic  temperatures  a wider  
spread  between -320 and -423°F endurance l i m i t s  i s  observed.  En- 
durance l i m i t  d a t a  a r e  given i n  Table  V I I I .  
Ti-13V-11Cr-3Al a l l o y  is unusual.  A t  t h e  low c y c l e  p o r t i o n  of 

The behavior  of t h e  



t h e  curve,  s t r e n g t h  p r o p e r t i e s  a r e  shown t o  decrease  wi th  de- 
c r e a s i n g  temperature ,  c o n t r a r y  t o  t h e  normal behavior .  However, 
t h e  70°F curve i s  q u i t e  s teep and c rosses  t h e  c ryogenic  SIN curves .  
The -423°F curve decreases  s h a r p l y  i n i t i a l l y  and then  l e v e l s  o f f  
t o  g i v e  the h i g h e s t  endurance l i m i t  f o r  t h e  t h r e e  tempera tures .  
The -320°F r e su l t s  show a more gradual  decrease  wi th  r e d u c t i o n  i n  
temperature .  Endurance l i m i t  va lues  are g iven  i n  Table I X .  

Evaluat ion of welded Ti-5A1-2.5Sn and Ti-6A1-4V showed t h a t  
t h e  -423°F endurance l i m i t  was lower than  t h a t  ob ta ined  a t  70 and 
-320°F. In t h e  Ti-5A1.2.5Sn m a t e r i a l ,  t h e  70°F endurance l i m i t  
l i e s  between the  -320°F and -423°F r e s u l t s .  The Ti-6A1-4V a l l o y  
e x h i b i t e d  i d e n t i c a l  endurance l i m i t s  a t  70 and -320-”F, only 
s l i g h t l y  above t h e  -423°F r e s u l t .  

P re sen ta t ion  of t e s t  resu l t s  i n  t e r m s  of f a t i g u e  s t r e n g t h /  
t e n s i l e  and y i e l d  s t r e n g t h  r a t i o s  a r e  p re sen ted  i n  Tables  X and 
X I  and i n  F ig .  43 and 44, r e s p e c t i v e l y .  

The r e s u l t s  c l e a r l y  show t h e  e x c e l l e n t  behavior  of t h e  
Ti-5A1-2.5Sn a l l o y  i n  t h e  pa ren t  meta l  c o n d i t i o n .  I n  t h e  welded 
cond i t ion ,  t h e  Ti-5A1-2.5Sn and Ti-6A1-4V show s i m i l a r  behavior .  
The f a t i g u e  s t r e n g t h  r a t i o s  obta ined  f o r  t i t an ium a l l o y s  a r e  s i g -  
n i f i c a n t l y  h ighe r  t han  those  obta ined  f o r  aluminum a l l o y s .  
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V I I I .  CONCLUSIONS 

This  program has  demonstrated t h a t  tension/compression f a t i g u e  
p r o p e r t i e s  could be obtained under a x i a l  loading  f o r  f l a t  s h e e t  
m a t e r i a l s  a t  temperatures  down t o  -423°F. Furthermore,  i t  has  
been demonstrated t h a t  tes ts  a t  l i q u i d  hydrogen temperature  could  
be performed f o r  long pe r iods  wi th  automatic  f i l l  c o n t r o l .  

The data genera ted  f o r  aluminum a l l o y s  show t h a t  t h e  t h r e e  
weldable  grades 2014-T6, 2219-T87, and 5456-H343 behave s a t i s -  
f a c t o r i l y  under c y c l i c  loads  down t o  -423°F. The 5456 grade  ex- 
h i b i t s  the h i g h e s t  p r o p e r t i e s  of a l l  of t h e  aluminum a l l o y s  on a 
b a s i s  of f a t i g u e  s t r e n g t h / t e n s i l e  s t r e n g t h  r a t i o .  The 2020-T6 
and 7075-T6 a l l o y s  show poorer  f a t i g u e  p r o p e r t i e s .  The welded 
f a t i g u e  p r o p e r t i e s  of t h e  t h r e e  weldable  grades  were s i m i l a r .  

The t i t an ium a l l o y s  Ti-5A1-2.5Sn and Ti-6A1-4V show s u p e r i o r  
f a t i g u e  behavior a t  cryogenic  temperatures  compared t o  t h e  b e t a  
a l l o y ,  Ti-13V-llCr-3Al. On t h e  b a s i s  of f a t i g u e  s t r e n g t h  r a t i o ,  
pa ren t  metal Ti-5A1-2.5Sn i s  c l e a r l y  s u p e r i o r  t o  t h e  Ti-6A1-4V. 
Welded ma te r i a l  a l s o  showed t h e  s u p e r i o r i t y  of Ti-5A1-2.5Sn on 
t h e  b a s i s  of f a t i g u e  s t r e n g t h  r a t i o ,  

The f a t i g u e  s t r e n g t h  r a t i o s  of t h e  t i t a n i u m  a l l o y s  exceeded 
those  obtained f o r  aluminum a l l o y s .  
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A P P E N D I X  C 

FATIGUE DATA 

- 



a Tab le  C - I  Fa t igue  P r o p e r t i e s  of Parent  Metal 2014-T6 
Aluminum A1 loy 

Temperature,  
OF 

70 

-320 

Maximum Tens ion  
S t r e s s ,  k s i  

50.0 

50.0 

50.0 

40.0 

40.0 

40.0 

30.0 

30.0 

30.0 

25.0 

25.0 

25.0 

20.0 

20.0 

17.5 

17.5 

15 .0  

15.0 

15 .0  

15 .0  

65.0 

65.0 

65.0 

5 0 . 0  

5 0 . 0  

50 .0  

40.0 

40.0 

40.0 

30.0 

Number of Cycles 
t o  F a i l u r e  

3 

3 

3 

4 

4 

4 

5 

5 

5 

5 

5 

5 

7 

7 

3.00 x 10 

4.00 x 10 

5 . 0 0  x 10 

2.00 x 1 u  

2.50 x 10 

3.30 x 10 

1 .30  x 10 

1.57 x 10 

3.95 x 10 

1 . 2 6  x 10 

1.76 x 10 

5 . 6 3  x 10 

1.20 x 10 (Disc)  

1.19 x 10 (Disc)  

6.62 x 10’ 
6 1.03 x 10 
5 5 .41  x 10 
6 1 . 2 8  x 10 
6 7.00 x 10 (Disc)  
6 8.59 x 10 (Disc)  

3 

3 

3 

4 

4 

4 

4 

4 

5 

5 

1.80 x 10 . 
2.00 x 10 

2.60 x 10 

3.33 x 10 

4.17 x 10 

6.96 x 10 

8.89 x 10 

9.50 x 10 

1.10 x 10 

2.06 x 10 



c -2  

Table C-I (concl) 

Maximum Tension 
S t r e s s ,  k s i  

30.0 

30.0 

25 .0  

25 .0  

25 .0  

65 .0  

65 .0  

65 .0  

62.5 

62.5 

62.5 

5 0 . 0  

5 0 . 0  

5 0 . 0  

45 .0  

45 .0  

45 .0  

Number of Cycles  
t o  F a i l u r e  

5 

5 

6 

6 

6 

2 .58  x 10 

2.73 x 10 

1.07 x 10 

2.54 x 10 

5 .02  x 10 (Disc)  

Temperature, 
O F  

- 320 

-423 

a 

bSpecimen previous ly  run a t  45,000 p s i  f o r  1 . 1 2  x 10 
without f a i l u r e .  

6 c y c l e s  

3 1.00 x 10 
. ?  

1.00 x 10’ 
2b 

8.00 x 10” 
4 

4 

4 

5 

5 

5 

1 .50  x 10 

2.60 x 10 

3 .50  x 10 

2.76 x 10 

3 .70  x 10 

4.17 x 10 
6 

1 . 2 2  x 10 
6 

1 . 1 2  x 10 (Disc)  
6 1.00 x 10 (Disc)  



c -3  

Table  C-I1 Fa t igue  P rope r t i e sa  o f  Parent  Metal 2219-T87 
Aluminum A1 loy  

Maximum Tens ion  
S t r e s s ,  ksi 

50.0 

46.0 

46.0 

46.0 

40.0 

40.0 

40.0 

35.0 

35.0 

35.0 

30.0 

30.0 

30.0 

25.0 

25.0 

25.0 

22.5 

22.5 

22.5 

20.0 

20.0 

55.0 

55.0 

55 .0  

35.0 

35.0 

35.0 

35.0 

30.0 

25.0 

Number of Cycles  
t o  F a i l u r e  

2 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

5 

5 

5 

5 

5 

9.00 x 10 

3.00 x 10 

3.00 x 10 

4.00 x i 0  

9 . 9 0  x 10 

1.49 x 10 

2.27 x 10 

2.43 x 10 

2.82 x 10 

3.19 x 10 

4.86 x 10 

1.40 x 10 

1.66 x 10 

1.80 x 10 

3.08 x 10 

6.76 x 10 

3.56 lo5 
5 

6 

6 

7 

9.52 x 10 

3.40 x 10 

4.45 x 10 

1.24 x 10 (Disc 

2 

3 

3 

4 

4 

4 

5 

5 

6 

6 .00  x 10 

1.70 x 10 

1.90 x 10 

4.51 x 10 

6.46 x 10 

8.02 x 10 

1.16 x 10 

1.01 x 10 

1.05 x 10 



c-4 

t o  F a i l u r e  i 
Temperature, 

O F  

J 

- 320 

a 

bFai led  through p inho les .  

Axial load;  R = -1. 

6 
C Specimen p rev ious ly  run  a t  40,000 p s i  f o r  1.46 x 10 c y c l e s  
without f a i l u r e .  

-423 

0 Tab le  C - I 1  (concl )  

Maximum Tens ion  
Stress ,  k s i  

25.0 

20.0 

15.0 

15 .0  

15.0 

62.5 

62.5 

62.5 

62.5 

62.5 

55 .0  

55 .0  

55 .0  

50 .0  

47.5 

47.5 

47.5 

40.0 

40.0 

40.0 

Number of Cycles  I 
6b  2.05 x 10 
6 

6 

6 

6 

5 . 2 1  x 10 (Disc) 

1.05 x 10 

2 .21  x 10 

2 .31  x 10 

3 

3 
1 .50  x 10 

3 .00  x 10 

4.00 x 10 

7 .00  x 10 

7 .50  x 10 

4.40 x 10 

6 .60  x 10 

8 .90  x 10 

1.24 x 10 

1 .73  x 10 

1.74 x 10 

3.05 x 10 

7.95 x 10 

1 .40  x 10 (Disc)  

1.46 x 10 (Disc) 

3c 

3 

3 

4 

4 

4 

5 

5 

5 

5 

5 

6 

6 



c -5 

Table C - 1 1 1  Fa t igue  P rope r t i e sa  of Parent  Metal 5456-H343 
Aluminum Alloy 

Temperature,  
O F  

7 0  

-320 

Maximum T ens ion 
S t r e s s ,  k s i  

40.0 

38.5 

38.5 

38.5 

35.0 

35.0 

35.0 

30.0 

30.0 

30.0 

25.0 

20.0 

20.0 

20.0 

13.0 

15.0 

15.0 

.- 

52.0 

52.0 

52.0 

50.0 

50.0 

50 .0  

40.0 

40.0 

40.0 

30.0 

30.0 

30.0 

25.0 

Number of Cycles  
t o  F a i l u r e  

3 
1.50 x 10 

3 4.00 x 10 

5.00  x lo3  
3 

5.00 x 10 

8.00 x lo3 
4 1.10 x 10 
4 1.40 x 10 
4 

2.83 x 10 
4 4.30 x 10 
4 

5.25 x 10 
4 

5.25 x 10 
5 

1.70 x 10 
5 4.59 x 10 
5 5.33 x 10 
6 

I . U U  A 19 
6 

1 . 6 9  x 10 
4.96 x 10 6 (Disc)  

i nn 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

5 

5 

5 

1.50 x 10 

4.50 x 10 

4.60 x 10 

9.10 x 10 

1.64 x 10 

1.65 x 10 

3.42 x 10 

4.37 x 10 

6.21 x 10 

6.87 x 10 

1.32 x 10 

2.38 x 10 

7.94 x 10 



C-6 

Temperature, 
O F  

- 320 

-423 

Table C - I 1 1  (concl) 

Maximum Tension 
Stress, ksi 

25.0  

25.0 

5 5 . 0  

55 .0  

5 5 . 0  

50 .0  

50 .0  

50 .0  

45 .0  

42.5 

42.5 

42.5 

40 .0  

40 .0  

40 .0  

Number of C y c l e s  
to Failure 

6 

6 
1.10 x 10 

4.43 x 10 (Disc)  

3 

3 

4 

4 

4 

4 

4 

5 

5 

5 

5 

5 

6 

7.00 x 10 

8.00 x 10 

1.00 x 10 

1.60 x 10 

3.20 x 10 

3.30 x 10 

8.90 x 10 

3.05 x 10 

3.20 x 10 

5 . 1 9  x 10 

8.86 x 10 ( D i s c )  

9.07 x 10 

1.52 x 10 ( D i s c )  

a Axial load; R = -1. 



c-7 

a Tab le  C - I V  Fa t igue  P r o p e r t i e s  of Parent  Metal  2020-T6 
Aluminum Alloy 

Maximum Tens i o n  
S t r e s s ,  k s i  

50.0 

50 .0  

50 .0  

40- 0 

40.0 

40.0 

30.0 

30.0 

30.0 

20.0 

20.0 

20.0 

18.0 

18.0 

18.0 

70.0 

70.0 

70.0 

50 .0  

5 0 . 0  

50.0 

40.0 

40.0 

40.0 

40.0 

30.0 

30.0 

30.0 

30.0 

22.5 

~ I Number of Cycles  
t o  F a i l u r e  

3 

3 

3 

3 

3 

4 

4 

4 

4 

5 

5 

5 

6 

6 

2.00 x 10 

2.00 x 10 

4 .00  x 10 

3.00 x 10 

9.00 x 10 

1.00 x 10 

4.80 x 10 

8 .50  x 10 

9.30 x 10 

1.25 x 10 

1.49 x 10 

1.60 x 10 

1 . 7 6  x 10 

3.90 x 10 
1.03 x 10' 7 .  (Di sc j  

3 

3 
3 

4 

1.00 x 10 

1.20 x 10 

2.30 x 10 

2.90 x 10 
4 .31  x 10 4 

4 

4 

4 

5 

5 

9.23 x 10 

7.42 x 10 

7.70 x 10 

1 . 2 2  x 10 

1 . 9 7  x 10 
1.16 x 10 5 

5 

5 

6 

6 

1.49 x 10 

3.27 x 10 

1 . 2 2  x 10 

1.37 x 10 



C - 8  

Tab le  C - I V  (concl)  

Temperature, I O F  

- 320 

-423 

Maximum Tens i o n  
S t r e s s ,  k s i  

22.5 

22.5 

70 .0  

67.5 

67.5 

60.0 

60.0 

60.0 

60.0 

5 7 . 3  

50.0 

5 0 . 0  

5 0 . 0  

42.5 

40 .0  

40 .0  

40 .0  

Number of Cycles  
t o  F a i l u r e  

6 

6 
2 . 1 3  x 10 

4.16 x 10 

3.00 x 10 

4.00  x 10 

1.50 x 10 

1.70 x 10 

3b 

3 

4 

4 

2.10 x 10 4c 

4 

4 

4 

2.90 x 10 

4.30 x 10 

8.60 x 10 
1.16 x 10 5 

5 1.53 x 10 

1 .99  x 10’ 
5 

6 

6 
6 

7 . 7 5  x 10 

1.09 x 10 

1 . 4 1  x 10 (Disc)  

1.50 x 10 (Disc)  

a Axial load; R = -1. 

Specimen p rev ious ly  run  a t  40,000 p s i  f o r  1.50 x lo6 c y c l e s  b 

without  f a i l u r e .  
C 6 

Specimen p rev ious ly  run  a t  40,000 p s i  f o r  1 .41  x 10 c y c l e s  
without  f a i l u r e .  



c-9 

a 
Table  C-V Fa t igue  P r o p e r t i e s  of Pa ren t  Metal 7075-T6 

Aluminum Alloy 

Temperature,  
OF 

7 0  

-320 

~~ ~ 

Maximum Tens i o n  
S t r e s s ,  ksi 

63.0  

63 .0  

63 .0  

40.0 

40 .0  

40.0 

30.0 

30.0 

30 .0  

1 7 . 5  

17.5 

17.5 

12.5 

12.5 

1 2 . 5  

60 .0  

60.0 

60 .0  

40 .0  

40 .0  

40.0 

30 .0  

30.0 

30.0 

20 .0  

20 .0  

20 .0  

17.5 

17.5 

Number of Cycles  
t o  F a i l u r e  

3 
1 .50  x 10 

3 1 .80  x 10 
3 2 .00  x 10 
4 1.40 x 10 
4 1 . 8 0  x 10 
4 1.90 x 10 
4 

2 .80  x 10 
4 3.20 x 10 
4 4 .10  x 10 
5 3.06 x 10 
5 

3.44 x 10 
5 4 .20  x 10 

2.07 x 10 6 

6 2.57 x 10 

1.03 x 10 ’  (Disc) 
7 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

6 

6 

6 

2 .20  x 10 

5 .50  x 10 

6 .70  x 10 

7 . 1 2  x 10 

7 .98  x 10 

9.32 x 10 

1.32 x 10 

2.67 x 10 

6.58 x 10 

1 .34  x 10 

3.44 x 10 

4.30 x 10 

5 .12  x 10 (Disc) 

5.35 x 10 (Disc) 



c-10 

Table  C-V (concl)  

Temperature , 
O F  

-423 

Maximum Tension 
S t r e s s ,  k s i  

80.0 

80.0 

80.0 

80.0 

65.0  

60 .0  

60 .0  

60 .0  

50 .0  

50 .0  

50 .0  

42.5 

37.5 

35.0 

35.0 

35 .0  

a Axial  load;  R = -1. 

Number of Cycles  
t o  F a i l u r e  

3 1.00 x 10 
1.00 x 10 3 

3 

3 

4 

4 

4 

1.00 x 10 

2.00 x 10 

4.20  x 10 

4.20  x 10 

7.10 x 10 
4 

8.80 x 10 
6 

5 

5 

5 

6 

6 

1.42 x 10 

4.35 x 10 

4.35 x 10 

4.63 x 10 

4.05 x 10 

1.08 x 10 
1.11 x 10 6 (Disc)  

1 .20 x 10 6 (Disc) 

bSpecirnen p rev ious ly  run a t  35,000 p s i  f o r  1.11 x 10 6 c y c l e s  
without f a i l u r e .  



~~ 

Table C - V I  Fat igue P r o p e r t i e s a  of Welded 2014-T6 
Aluminum A1 loy 

Temperature,  
OF 

70 

-320 

-423 

Maximum Tension 
S t r e s s ,  k s i  

30.0 
30.0 

30.0 
22.0 

22.0 
22.0 
15.0 

15.0 
15.0 

9.0 
9.0 

9.0 

35.0 

32.0 
30.0 
30.0 
30.0 
20.0 

20.0 

20.0 
10.0 
10.0 

10.0 

50.0 

40.0 

40.0 

40.0 

40.0 

35.0 

Number of Cycles 
t o  F a i l u r e  

2.00 x 10 3 
3 

4 
4 

7.00 x 10 

1.00 x 10 

1.50 x 10 
2.10 x 10 4 

4 
5 
5 
5 
6 
6 
6 

6.90 x 10 
1.70 x 10 

3.29 x 10 
5.14 x 10 
1.02 x 10 (Disc)  

1.03 x 10 (Disc)  

1.03 x 10 (Disc)  

2 1.00 x 10 

2.00 x io3 

1.05 x 10 

2.74 x 10 

2.75 x 10 

2.51 x 10 
3.42 x 10 

1.59 x 10 6 (Disc)  

3.30 x 10 6 (Disc)  

5.29 x 10 6 (Disc)  

4 
4 
4 
5 
5 

5.51 x 10 5 

5.00 x lo2 
2.00 x 10 3 

3 
3 

3 
4 

3.00 x 10 
6.00 x 10 

6.00 x 10 

1.80 x 10 



c-12 

Table C - V I  (concl) 

Temperature, 
'F 

-423 

~~ 

Maximum Tension 
Stress, ksi 

35.0 

35.0 

30.0 

30.0 

30.0 

25.0 

17.5 

17.5 

17.5 

Number of Cycles 
to Failure 

4 

4 

5 

6.80 x 10 

8.40  x 10 

1.82 x 10 

2.65 lo5 

3.44 lo5 
5 3.18 x 10 

6 

6 

6 

1 . 0 1  x 10 (Disc) 

1.03 x 10 

1.06 x 10 

a 

b Specimen previously run at 17,500 psi for 1.01  x 10 6 cycles 
Axial l o a d ;  R = -1. 

without failure. 



a Table  C - V I 1  Fat igue P r o p e r t i e s  of Welded 2219-T87 
Aluminum A 1  1 oy 

C-13 

~ ~~ 

Temperature,  
O F  

70 

-320 

-423 

Maximum Tension 
S t r e s s ,  ksi 

30.0  

30.0 

30.0 

20.0 

20.0 

20.0 

15.0 

15 .0  

15.0 

10 .0  

10 .0  

10 .0  

32.0 

3 2 . 0  

32.0 

25.0 

25.0 

25.0 

17.5 

17.5 

17.5 

12.5 

12.5 

12.5 

45.0 

45.0 

45.0 

45.0 

45.0 

Number of Cycles  
t o  F a i l u r e  

3 1.00 x 10 
3 

3 
6.00 x 10 

9.00 x 10  
2 - 4 0  ;G4 

4 

4 

4 

5 

5 

6 

6 

7 

3 .30 x 10 

5 .30  x 10 

7.90 x 10 

1 .94  x 10 

2.09 x 10 

2.04 x 10 

1 . 2 2  x 10 

1 .04  x 10 (Disc)  

3 3.10 x 10 
-3 

5 . 3 0  x 10- 
3 5 .70  x 10 
4 4.10 x 10 
4 4.74 x 10 
4 5 .14  x 10 
5 1.89 x 10 
5 3.19 x 10 
5 5 . 9 1  x 10 
5 9.93 x 10 
6 

3.27 x 10 
6 4.57 x 10 

3 

3 

3 

3 

1.00 x 10 

1 .00  x 10 

2.00 x 10 

2.00 x 10 

5 .00  x 10 3c 



C-14 

Table  C - V I 1  (concl )  

Temperature, 
O F  

-423 

Maximum Tens ion  
S t r e s s ,  ksi 

42.5 

40.0 

35.0 

35.0 

35.0 

30.0 

30.0 

30.0 

22.5 

22.5 

22.5 

Number of Cycles  
t o  F a i l u r e  

4 

4 

4 

4 

5 

5 

1.70 x 10 

3.50 x 10 

5.50  x 10 

7.40 x 10 

1.17 x 10 

2.13 x 10 

2.36 lo5 
5 

5 

6 

6 

4.22 x 10 

7.78 x 10 

1.04 x 10 (Disc)  

1.13 x 10 . (Disc)  

a 

bSpecimen p rev ious ly  run  a t  22,500 p s i  f o r  1.04 x 10 6 c y c l e s  

C Specimen p rev ious ly  run  a t  22,500 p s i  f o r  1.13 x 10 6 c y c l e s  

Axial load; R = 1. 

without f a i l u r e .  

without f a i l u r e .  

0 
i 



C- 15 

Table C - V I 1 1  
a F a t i g u e  P r o p e r t i e s  of Welded 5456-H343 

Aluminum Alloy 

Temperature, 
"F 

70 

-320 

-423 

~~ ~ ~ ~~~ 

Maximum Tension 
S t r e s s ,  k s i  

30.0 

30.0 

30.0 
c)n n 
L V . U  

20.0 

20.0 

13.8 

13.8 

13.8 

10.0 

10.0 

10.0 

32.0 

32.0 

32.0 

25.0 

25.0 

25.0 

17.0 

17.0 

17.0 

12.0 

12.0 

12.0 

40.0 

35.0 

35.0 

35.0 

30.0 

Number of Cycles 
t o  F a i l u r e  

3 

3 

3 

2.00 x 10 

2.00 x 10 

3 .00  x 10 
i c n  _ _  in4  
I . U V  A IV 

4 

4 

5 

5 

5 

5 

6 

6 

2.20 x 10 

4.50 x 10 

2.45 x 10 

3.33 x 10 

3.90 x 10 

5.35 x 10 

2.44 x 10 

3 . 7 1  x 10 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

6 

2 .60 x 10 

4.80 x 10 

8.40 x 10 

1 . 4 4  x 10 

2.54 x 10 

4.94 x 10 

2.04 x 10 

2 . 6 2  x 10 

4 .21  x 10 

1 . 4 1  x 10 

2.58 x 10 

5 . 2 3  x 10 (Disc)  

4 
3 

3 

4 

4 

1.20 x 10 

3.00 x 10 

6.00 x 10 

2.70 x 10 

2.40 x 10 



C - 1 6  

Temperature, 
"F 

-423 

Maximum Tens ion  
S t r e s s ,  k s i  

30.0 

30.0 

2 5 . 0  

25 .0  

17 .5  

17.5 

1 7 . 5  

Number of Cycles 
t o  F a i l u r e  

4 

4 
8 . 7 0  x 10 

9.90 x 10 

3 .30  x 10' 
5 4.12  x 10 
6 1.00 x 10 (Disc) 
6 1.07  x 10 (Disc) 
6 1 .19  x 10 

a Axial load; R = -1. 



C - 1 7  

Table  C - I X  Fa t igue  P rope r t i e sa  of Annealed Parent  Metal 5A1-2.5Sn 
Ti tanium Alloy 

Temperature,  
OF 

70 

-320 

Maximum Tens ion  
S t r e s s ,  k s i  

125.0 

125.0 

115.0 

115.0 

115.0 

100.0 

100.0 

100.0 

75.0 

75 .O 

75.0 

70.0 

70.0 

70.0 

180.0 

180.0 

180.0 

175 .O 

160.0 

160.0 

150.0 

150.0 

150.0 

120.0 

120.0 

120.0 

119.5 

119.0 

Number of Cycles 
t o  F a i l u r e  

6 .00  x lo2 
3 1 .00  x 10 
3 6.00 x 10 
3 8 .00  x 10 
4 1.30  x 10 
4 2.00 x 10 
4 5.30 x 10 
4 8 .10  x 10 
5 1 . 8 8  x 10 
5 2 .04  x 10 
5 2 . 7 1  x 10 
6 1 .36  x 10 (Disc)  
6 2.00 x 10 (Disc)  

2.00 x l o6  (Disc)  

3 

3 

3 

3 

3 

4 

4 

4 

4 
4 
4 

5 

4 

6 

1 .00 x 10 

3 .10  x 10 

4.80 x 10 

3 .00  x 10 

6.90 x 10 

4 .53  x 10 

1 .35  x 10 

2.55 x 10 

3 .31  x 10 

6.46 x 10 

7.40 x 10 

1 . 3 4  x 10 

6.75 x 10 

2.05 x 10 



C - 1 8  

Table C - I X  (concl )  

Temperature, 
O F  

-423 

Maximum Tens i o n  
S t r e s s ,  k s i  

220.0 

220.0 

220.0 

220.0 

220.0 

220.0 

180 .0  

170.0 

160.0 

140.0 

130.0 

130.0 

130.0 

125.0 

115.0 

105.0 

105.0 

105.0 

105.0 

Number of Cycles 
t o  F a i l u r e  

1.00 x 10 

1.00 x 10 

1 . 0 0  x 10 

3 .00  x 10 

3.00 x 10 

1.30 x 10 

3 .00  x 10 

4.00 x 10 

2.20 x 10 

9.00 x 10 

1 .15  x 10 

1 . 6 1  x 10 

2.85 x 10 

1 .05  x 10 (Disc) 

1 . 0 8  x 10 

3 .79  x 10 

1.11 x 10 (Disc)  

1 . 1 2  x 10 (Disc) 

1 . 1 3  x 10 (Disc) 

3b 

3c 

3 

3 

3 

4 

4 
- 4  

4 

4 

5 

5 

5 

6 

5 

5 

6 

6 

6 

a 

b 
Axia l  load;  R = 0.01. 

Specimen p rev ious ly  run  a t  105,000 p s i  f o r  1.11 x 10 c y c l e s  
without f a i l u r e .  

C 6 Specimen p rev ious ly  run  a t  105,000 p s i  f o r  1 . 1 2  x 10 c y c l e s  
without f a i l u r e  . 
Specimen p rev ious ly  run  a t  105,000 p s i  f o r  1.13 x lo6  c y c l e s  
without failure . 

6 

d 



Table C-X Fa t igue  P r o p e r t i e s a  of So lu t ion -Trea ted  and Aged 
Parent  Metal 6A1-4V Titanium Alloy 

Maximum Tens i o n  
S t r e s s ,  ksi 

150.0 

150.0 

150.0 

135.0 

135.0 

135.0 

85 .0  

85 .O 

85.0 

70.0 

70.0 

70.0 

182.0 

182.0 

182 .O 

160.0 

160.0 

160.0 

118.0 

100.0 

100.0 

100.0 

98.0 

96.0 

90.0 

90.0 

- 1  Number of Cycles 
to F a i l u r e  

3 

3 

4 

4 

4 

4 

5 

5 

5 

5 

6 

6 

7.50 x 10 

9.50 x 10 

1 . 4 0  x 10 

1 .70  x 10 

1 .90  x 10 

2.00 x 10 

1 .00  x 10 

1 .32  x 10 

3.24 x 10 

2.59 x 10 

1 . 9 7  x 10 (Disc)  

2 .04 x 10 (Disc)  

3 

3 

4 

4 

4 

4 

4 

4 
4 
5 

4 
4 

5 

5 

2 .50  x 10 

4.80 x 10 

1 .02  x 10 

1 . 2 2  x 10 

1.86 x 10 

2.44 x 10 

2 . 7 9  x 10 

5.19 x 10 

8 .01  x 10 

8 .31  x 10 

7.32 x 10 

6 . 2 9  x 10 

1 .60  x 10 

3.60 X 10 (Disc)  



c-20  

Table C-X (concl )  

Temperature, 
"F 

-423 

Maximum Tension 
S t r e s s .  k s i  

180 .0  

180.0 

180.0 

180.0 

170.0 

160.0 

160.0 

160.0  

145 .0  

140.0  

135.0  

135.0  

130.0  

130 .0  

130.0  

1 2 5 . 0  

110.0 

110.0 

110.0 

Number of Cycles 
t o  F a i l u r e  

3 

3 
1.00 x 10 

8 .00  x 10 

1 .30  x 10 

1 .90  x 10 

2.30  x 10 

1.60 x 10 

2 . 2 0  x 10 

3 .10  x 10 

3 . 4 0  x 10 

3.90  x 10 

3.30  x 10 

3 . 4 0  x 10 

2 . 7 0  x 10 

2 .34  x 10 

1 .02  x 10 (Disc) 

1 . 2 1  x 10 (Disc) 

5 .50  x 10 

1 . 1 2  x 10 (Disc) 

1 .13  x 10 (Disc) 

4c 

4e 

4 

4 

4 

4 

4 

4 

4 

4 

4 

5 

6 

6 

4 

6 

6 

a Axial load;  R = 0.01. 
b Specimen p rev ious ly  run  a t  110,000 p s i  f o r  1 . 1 2  x 10 6 c y c l e s  

C Specimen p rev ious ly  run  a t  110,000 p s i  f o r  1 .13  x 10 6 c y c l e s  

d Specimen p rev ious ly  run  a t  130,000 p s i  f o r  1.02  x 10 6 c y c l e s  

e Specimen p rev ious ly  run  a t  125,000 p s i  f o r  1 . 2 1  x 10 6 c y c l e s  

without f a i l u r e .  

without f a i l u r e .  

without f a i l u r e .  

without f a i l u r e .  



Table C - X I  Fatigue Propertiesa of Solution-Treated and Aged 
Parent Metal 13V-llCr-3A1 Titanium Alloy 

Temperature, 
O F  

70 

- 320 

-423 

Maximum Tens ion 
Stress ksi 

175.0 

175.0 

175 * 0 

120.0 

120.0 

120.0 

79.3 

79.3 

79.3 

79.0 

77.5 

175.0 

I O U .  0 

140.0 

137.5 

135.0 

130.0 

125.0 

122.0 

120.0 

120.0 

115.0 

115.0 

105.0 

97.5 

- r n  

160.0 

160.0 

160.0 

Number of Cycles  
to Failure 

4 .50  lo3  
3 7.00 x 10 

7.80 x 10 

1.70 x 10 4 

2.10 x 10 4 

4 

5 

5 

2.50 x 10 

1.04 x 10 

1.19 x 10 
4.95 x 10 6 (Disc)  

5 .14 x 10 6 (Disc)  

1.00 x 10 6 (Disc)  

3 2.00 x 10 
7 nn qn3 

3 9 .00  x 10 
4 1.30 x IO 
4 2.10 x 10 
4 1.10 x 10 
5 8 . 1 7  x 10 
5 5 .98  x 10 
4 1.40 x 10 
5 3.94 x 10 
4 6.00 x 10 
4 9.80 x 10 

I .  uu x I U  

4.14 lo5 
5 4.08 x 10 

3 

3 

3 

1.00 x 10 

2.00 x 10 

6.00 x 10 



c-22 

Table  C - X I  (concl)  

Temperature , 
eF 

-423 

Maximum Tens i o n  
S t r e s s ,  k s i  

145.0 

125.0 

125.0 

125.0 

110.0 

105.0 

105.0 

100.0 

100.0 

~ ~~ 

Number o f  Cycles  
t o  F a i l u r e  

3 2.00 x 10 

5 .00  x lo3  
4 
4 

5 

1.00 x 10 

1.10 x 10 

1.39 x 10 

4.42 lo5 
6 

5 
6 

1.05 x 10 (Disc) 

8.71 x 10 

1 .10  x 10 (Disc) 

a 

b 
Axial load;  R = 0.01. 

Specimen p rev ious ly  run  a t  105,000 p s i  f o r  1.05 x 10 
without f a i l u r e .  

6 c y c l e s  



Table C - X I 1  Fa t igue  P r o p e r t i e s  a of Annealed Welded 5A1-2.5Sn 
Ti tanium Alloy 

Temperature,  
F 

70  

-320 

-423 

Maximum Tension 
Stress,  k s i  

105.0 

105.0 

105.0 

90.0 

90.0 

90.0 

72.0 

70 .0  

70.0 

70.0 

155.0 

150.0 

125 n 
110.0 

95.0 

85.0 

82.5 

82.5 

80.0 

80.0 

77.5 

77.5 

75.0 

144.0 

130.0 

120.0 

100.0 

90.0 

Number of Cycles  
t o  F a i l u r e  

3 

4 
4 

4 
4 

4 

4 

5 

6 

6 

5.00 x 10 

1.00 x 10 

1.20 x 10 

1.10 x 10 

2.30 x 10 

3.00 x 10 

6:40 x 10 

4.79 x 10 

1.13 x 10 

2.30 x 10 

5.00 x 10 3 

6.00 x 10 3 ( D i s c )  

4 2.60 x 10 

1.24 x 10' 
4 5 .90  x 10 
4 6.70 x 10 
4 6.90 x 10 
6 1.15 x 10 
5 1.09 x 10 
6 1.10 x 10 
4 4.30 x 10 

3 

3 
9.00 x 10 

8.00 x 10 
3 

4 

5 

5.00 x 10 

1.90 x 10 

2.06 x 10 



C-24 

Temptrature  , 
F 

-423 

Maximum Tens ion  
S t r e s s ,  k s i  

85.0 

75.0 

70.0 

70.0 

60.0 

60.0 

Number of Cycles  
t o  F a i l u r e  

4 

4 

4 

5 

5 

6 

5 . 4 0  x 10 

6.80  x 10 

4 . 6 0  x 10 

1 . 7 1  x 10 

1.41 x 10 

1 . 1 2  x 10 (disc)  

a 
Axial load;  R = 0.01. 

bSpecimen p rev ious ly  r u n  a t  77,500 p s i  f o r  1.10 x 10 
wi thout  f a i l u r e .  

C 6 
Specimen p rev ious ly  run  a t  80,000 p s i  f o r  1.15 x 10 
wi thout  f a i l u r e .  

dSpecimen p rev ious ly  r u n  a t  60,000 p s i  f o r  1 . 1 2  x 10 

6 c y c l e s  

c y c l e s  

c y c l e s  6 

without  f a i l u r e .  



Table C - X I 1 1  Fa t igue  P r o p e r t i e s a  of So lu t ion  Trea ted  and Aged 
Welded 6A1-4V Titanium Alloy 

Temperature,  

- 13n 
-d&" 

Maximum Tens ion  
Stress ,  k s i  

140.0 

140.0 

140.0 

100.0 

100.0 

100.0 

90.0 

90 .0  

90.0 

8 5 . 0  

85 .0  

85 .0  

169.9 

150 .0  

145.0  

140 .0  

140 .0  

135.0  

130 .0  

120.0 

115 .0  

110.0 

100.0 

95.0  

9 0 . 0  

90 .0  

87.5 

8 5 . 0  

80 .0  

80 .0  

-- 

Number of Cycles  
t o  F a i l u r e  

3 3.00 x 10 

4 .00  l o3  
3 

4 

4 

4 

4 

4 

5 

4 

5 

6 

4 .00  x 10 

2 .30  x 10 

3 .40  x 10 

4 .50  x 10 

6.00 x 10 

8.30 x 10 

1.29 x 10 

5 . 0 4  x 10 

1.10 x 10 

1.82  x 10 

3 ?.!?c! x IC) 
3 

3 

3 

5 . 0 0  x 10 

5 .00  x 10 

1.00 x 10 

1 .90  x 10 

1.70 x 10 

7.00 x 10 

2 . 7 0  x 10 

2.80 x 10 

3 .40  x 10 

2.10  x 10 

1.80 x 10 

4 .70  x 10 

8 .00  x 10 

2.04 x 10 

1.10 x 10 (Disc)  

1.03 x 10 (Disc)  

1.12 x 10 (Disc)  

4= 

4 

3 

4 

4 

4 

4 

4 

4 

4 

5 

6 

6 

6 
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Table  XI11 (concl)  

Temperature,  
"E. 

-423  

Maximum Tension 
S t r e s s ,  k s i  

130.0 

130.0 

130.0 

125.0 

120.0 

110.0 

105.0 

100.0 

95.0 

90.0 

85.0 

82.5 

80.0 

80.0 

80.0 

Number of Cycles  
t o  F a i l u r e  

3 

4 
3e 

3g 

7.00 x 10 

1.10 x 10 

2.00 x 10 

8.00 l o3  
7.00 x 10 

1.30 x 10 

1.70 x 10 

5.90 x 10 

2.20 x 10 

9.00 x 10 

1.79 x 10 

1.22  x 10 

1.03 x 10 (Disc)  

1.15 x 10 (Disc) 

1.50 x 10 (Disc) 

4 

4 

4 

4 
4 

5 

5 

6 

6 

6 

a 

bSpecimen p rev ious ly  run  a t  85,000 p s i  f o r  1.10 x 10 6 c y c l e s  

C 6 c y c l e s  

d Specimen p rev ious ly  run  a t  80,000 p s i  f o r  1.12 x 10 6 c y c l e s  

e 6 c y c l e s  

fSpecimen p rev ious ly  run  a t  80,000 p s i  f o r  1.50 x 10 6 c y c l e s  

gSpecimen p rev ious ly  run  a t  80,000 p s i  f o r  1.15 x 106 c y c l e s  

Axial  load;  R = 0.01. 

wi thout  f a i l u r e .  

Specimen p rev ious ly  run  a t  80,000 p s i  f o r  1.03 x 10 
wi thout  f a i l u r e .  

wi thout  f a i l u r e .  

Specimen p rev ious ly  run  a t  80,000 p s i  f o r  1.03 x 10 
wi thout  f a i l u r e .  

wi thout  f a i l u r e .  

wi thout  f a i l u r e .  
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